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CHAPTER-1 


Introduction 

Increased competition and needs of higher productivity and better products from 
material producing industries are creating more stringent requirements for process and 
quality control and call for advances in non-destructive techniques which can be used to 
characterize materials not only after production but during processing as well, progress in 
characterizing techniques is also needed by more wide spread use of advanced materials 
and demands for the non-destructive measurements of their mechanical properties. 

Ultrasonics offer the possibility to detect and characterize microstructural properties 
as well as deformation processes in materials controlling material's behaviour based on 
the physical mechanism to predict future performance of the materials. Structural 
inhomogenities or flaw size atomistic (interstitials), elastic- parameters, precipitates, 
dislocations, grain, phase transformation, porosity and cracks, electrical resistivity, 
thermal conductivity are well connected with the frequency, concentration of the contents 
in alloys, pressure, magnetization, cjrystallographic direction or temperature dependence 
of the ultrasonic attenuation and velocity evaluations. Ultrasonic measurements provide a 
direct metho d for obtaining information about the mean free path of phonons of particula r 
type (i.e. phonons constituting the sound wave). This is contrast to thermal conductivity 
or heat pulse measurement which only provide the mean free path averaged over that part 
of the phonon spectrum thermally excited. 

In the present investigation quantitative ultrasonic evaluations in condensed materials 
now aims to establish a theoretical approach for the evaluations and to detect and 
characterize microstructural properties as well as deformation processes in the materials 
based on the physical mechanism controlling material behaviour (especially mechanical 
properties) to predict future performance, safety and reliability of the materials 
components and structures. 

Elastic properties of a solid are important because they relate to various fundamental 
solid-state phenomena such as interatomic potentials, equations of state and phonon 
spectra. Elastic properties are also linked thermodynamically with specific heat, thermal 
expansion, Debye temperature and the Griineisen parameter. Most importantly. 
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knowledge of elastic constants is essential for many practical applications related to the 
mechanical properties of a solid: load deflection, thermoelastic stress, internal strain 
(residual stress), sound velocity and fracture toughness. 

In the present investigation second and higher order elastic constants play an 
important role for the evaluations of ultrasonic attenuation through non-linearity 
parameter. Higher order elastic constants are important for studying anharmonocity i.e. 
thermal expansion and other properties dependent on phonon interaction, which is the 
mechanism used for ultrasonic absorption. 

Therefore upto 10* chapter we have also evaluated second and third order elastic 
constants of the materials taken for the ultrasonic evaluations starting from only two 
basic parameters (lattice parameter and hardness parameter). 

Continuing the work finally we have evaluated ultrasonic absorption, velocity as a 
function of frequency and other related parameters like thermal relaxation time, non- 
linearity parameter (acoustic coupling constants) Griineisen numbers etc. at different 
physical conditions like different temperatures concentration of content in alloys, 
crystallographic directions. 

In the current status major part of the work on ultrasonic investigations has been done 
in the materials like metals, dielectric crystals, few semiconducting materials, few 
metallic alloys at room temperature and at low temperature in metals along few 
crystallographic directions. On the other side the extensive experimental work on 
ultrasonic absorption and velocity has been done by previous workers mostly in liquids 
only. No work has been done in liquid crystals. 

For the present investigations the technologically important metals Ce, Yb and Th are 
chosen. For these metals no work has been done by previous workers. 

Although a lot of work in dielectric crystals has been done by previous workers but 
temperature and orientation dependence of ultrasonic absorption in AgCl, LiF and MnO 
is not foimd in the available literature. Therefore the evaluations of ultrasonic absorption 
and velocity in AgCl, LiF and MnO from 100-573K, temperatures based on phonon- 
phonon interaction mechanism have been made. 

In the literature very few quantity of work on semiconductors has been found at room 
temperature along one or two orientation of the crystals. Therefore ultrasonic parameters 
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from 100 to 300K in the first time attempted SnTe, EuSe, CdO, SmS, NpS, NpSe, PuS, 
PuSe and PuTe semiconducting materials have been evaluated and discussed. Some 
results are seen very characterizing features of the materials. 

In the recent years so many properties like crystalline structure, magnetoresistance etc. 
are directly dependent on the content of the metallic alloys [1]. The effect of 
concentration of the partner of the alloys Cu-Pt, Ag-Pt and Au-Pt on ultrasonic 
parameters at room temperature is discussed in the present investigation 

Intermetallic compounds or ‘intermetallics’ for short have received extensive attention 
in recent years [2]. Therefore ultrasonic studies are made first time in intermetallics viz. 
LaS, LaSe, LaTe, PrS, PrSe, PrTe, CeS, CeSe, CeTe, NdS, NdSe and NdTe at 5K to 
500K temperature range. Interesting characteristic features have been discussed. 

In the continuation first time taken semi-metallics as GdX (X=P, As, Sb and Bi), 
NpTe are also taken for the ultrasonic evaluation in the 8^ and 9* chapters. For the study 
in semi-metallics both type of interaction potentials, Bom-Mayer and Morse potentials 
have been utilized. 

In the lO^.chapter three bcc metals V, Nb and Ta are also taken for the ultrasonic 
evaluation at lower temperature based on electron-phonon interaction 

In the last chapter the experiment has been set for the measurements of ultrasonic 
absorption and velocity in lyotropic liquid crystal in non-aqueous solution taking 
ethylene glycol as solvent which has a relaxation frequency. This type of work has been 
started because of wide application of liquid crystals in a number of technological 
important areas including medical. 

References: 

1. S.Ram and P.S.Frankwicz, Phys. Stat. Sol. (a)188,l 129(2001). 

2. R.W.Cahn; Contemporary Physics 42, 365(2001). 
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CHAPTER- 2 


Theory of Second and Third Order Elastic 
Constants of Face-Centered Cubic Crystal and 
Ultrasonic Attenuation in Solids due to Electron- 
Phonon Interaction, Phonon-Phonon Interaction 
and Thermoelastic Loss 


2.1 Introduction 

In the second chapter the theory has been discussed to be established for the evaluations 
of the ultrasonic attenuation and other related parameters in different temperature region 
along various direction of propagation for all type of solids reviewing the earlier work done 
by various investigators [1-12]. Evaluation of ultrasonic parameters will be aimed to 
establish the ultrasonic theoretical approach and behavior of ultrasonic attenuation and other 
associated parameters under different physical conditions as the characteristic features of the 
materials. 

The second and third order elastic constants (SOEC & TOEC) play a versatile role for the 
evaluations of the ultrasonic velocities longitudinal as well as shear, Griineisen parameters 
etc. and finally ultrasonic attenuation. Hence o ur theory of p resent investigation categorized 
into two parts 

(a) Calculation of SOEC and TOEC using Coulomb and Born Mayer Potential 

(b) Ultrasonic attenuation in solids 

2.2 Calculations of SOEC and TOEC using Coulomb and Born-Mayer Potential 

K. Brugger [13] defined the elastic constant of the n^’ order check i aVo vW-i 

C.jkimn =(5"F/^.j5Tlkl^mn) (2.1) 

Here F is the free energy density of undeformed material and 5r|ij=[(5x,/5ak) (5Xj/5ak) - 
5,j] is the component of the Lagrangian strain tensor (i,j,k=l,2,3) where a and x are initial and 
final positions of the material point, and 6,j is the Kjronecker’s delta. Summation on repeated 
indices is always implied for components of vector and tensor quantities. The Voigt notations 
(which has been adopted in the present investigation) Cuk ...have been used instead of tensor" 
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notation C.ikimn for notation of elastic constants, for using (ij)->I according to the scheme 
etc. and (23) -^4 etc. for cubic crystals, due to symmetry only three independent 
SOEC and six TOEC exist. The total free energy F expanded in terms of strain p, can be 
written (using Taylor’s series expansion) as 

F = ZF^ = E -^(5''F/5ri ank,aT]„,jTi (2.2) 

n=0 n=0 n! 

Expanding free energy in terms of strain ri,j^square and cubic terms are obtained as 

Fa = ^CykiTi.jTiki 

Fa =[(l/ 2 )Ci,(ri +71 2a +ri 33) + ^12 (’I ii^l 22 +^1 33 +^1 22^1 33) 

+ 2044(11^2 +ri^3+Ti^,)] (2.3) 

^ ^ ijh icir] nin 

F3 =[(l/6)C,„(n +,, I3) + (I/2)C„3{,, 32 +,, 33) 

+ ^ L 33 +ri 11 ) 33 11 +1 22 ) + C,2371 , ,7] 22>1 33 + 

2Ci66{n f2(^ 11 +h22) 22 +’ 133 ) +^31 (’I 33 +rill) 

+ 8C456r|i2Tl23ri3i . (2.4) 

Where riy are Lagrangian strain components Cij are second order elastic constants and Cxu^ 
are third order elastic constants (TOEC) in Brugger’s notation [13]. 

The free energy density of a crystal at a finite temperature T is [14] 


F = U + F^''’ 

(2.5) 

FT 3sN 

F- Zln2Sinh(hco, /2kT) 

NV„ i=o 

(2.6) 


Where U is the internal energy of unit volume of the crystal when all ions are at rest on their 
point. F^'*’ is the vibrational free energy, Vc is the volume of elementary cell, N is the 
number of the cells in the crystal, and s (=2) is the number of ions per unit cell for f c.c. 
crystals, co, is vibrational frequency corresponding to i^’’ mode of atomic vibration. 

Elastic j^onstants of second and third order at TJ^can be written as 

c/ '^7 

0 I Vib ♦ 

~ ^ Ij + ^ IJ 

CiJK=c?,K+c;;f , (2.7) 
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Where C ?, and C mi- are static and C X'*’ and C ^^e vibrational contribution to SOEC and 


TOEC respectively. 

The energy U can be expressed as 


U=Wci 2 = , 

I u=lfmyol I 

.n ) 


( 2 . 8 ) 


where RX'X is the distance between v'" ion in the o‘'’ cell and p'" ion in the cell and 


.til 


-th 


cp^iv is the interaction potential between ions. The indices (v,o) and (p,m) are dropped where 
no confusion occurs. (p,xv is assumed to be sum of long range electrostatic ( i.e Coulomb) and 
short range Born-Mayer [15] potentials given as 

(R) = ±(e V R) + A exp(-R / b) = (p(R) (2-9) 

Where e is electronic charge, ± sign is used for like and unlike ions and A and b are 
strength parameter and hardness parameter respectively. Taking interactions into account 
upto second neighbor. distanc^ the following form for the short range potential is obtained: 

(a) Unlike charges Ay’.exp (-ri/b), 

(b) Like +ive charges A,] exp (-r 2 /b) and 

(c) Like -ive charges Ajj]exp 

where i, j =1, 2 for positive and negative ions and ri and ri are nearest neighbor and next 
neighbor distance respectively. In this form of potential there would be six parameters for 
interactions between like (ii) and (jj) and unlike (ij) ions. For Jhd’ simplicity it has been 
assumed that A is same for like and unlike charges, ffere b is hardness parameter [16] and can 
be obtained from equilibrium condition: 

(dcp/dr),^,^ =0 ( 2 . 10 ) 

and using experimental value of compressibility or cohesive energy or one of the SOEC at 
absolute zero and A is given by 

A=bZo(eVrQ)[6 exp(-ro/b)+12 V 2 exp(-roV2 /b)]'* (2.11) 

Where Zo=Modelung’s constants for face centered cubic crystal=l. 74756, and e is the 
electronic chrge=4. 803X1 0''°esu. The value of b can be used to evaluate cp^v (R)- One has 
used the set of “b” by Tosi [16] making use of the Hinderbrand equation of state. 

When the crystal is deformed homogeneously the distant between ions R is given by 
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( 2 . 12 ) 




where and R"’° are the position of the ion in equilibrium and deformed state 
respectively. The distance can be expressed in terms of Lagrangian strain tensor as 

(R'u )'=2^:ro,4;ro>u s2p™° (2.13) 

where § is the i^’ Cartesians components of vector r . 

The internal energy Ui can be expanded in terms of p and cubic and the quadratic terms 


are: 


U2=(2Vc)-*E[p'd2(P(R)/2!]r=, 


K4Vc)-'[Ti,Pki E^.^j^k4iD"(p(R)]R=r (2.14) 

U3=(2Vc)-'I:[p'd'(p(R)/3!]r=, 

=(12Vc)-'[p,jPk,Pn.n Z^,^j^k^l^.n^nD'(p(R)]R=r (2. 1 5) 

with the abbreviation D=R' (d/dR) and Vc is the volume of the elementary cell (=2rQfor 
NaCl-type crystals). 

The SOEC and TOEC at zero degree K have been obtained in Table 2.1 by comparing 
eqns. (2.3) and (2.4) with eqns. (2.14) and (2.15). 


Table 2.1 Expression for the SOEC and TOEC at 0 K 

c?, K2Vc)-'[E^ t D'(p(R)]R=r , C °2 =(2Vc)-' [nhl D'cp(R)]R=r , 
C54=(2Vc)-‘[2:§f^^D2(p(R)]R=r , C°„=(2Vc)-‘KfD'(p(R)]R=,, 

C ?,2 =(2Vc)-‘ [E^ f ^ 2 ^ D'(p(R)]R=r , C°23 =(2 Vc)-’ K f ^ ^ ^ 3 D'9(R)]R=r , 
C?44=(2Vc)-‘[S^f ^2'^3'DVR)]R=r , C°,6=(2Vc)-' [E^ 2 DVR)]R=r , 

and C°56=(2Vc)-'[E^f ^2^2DVR)]R=r , 

Cauchy’s relations for second and third order elastic constants (SOEC & TOEC) are 
satisfied as given in Table 2.1 i.e. 

pO _p0 . pO =:p0 . pO _p0 — pO /o 

Wi2 '- 44 , Wji2 Wj66, Wi23 WJ 44 ^- 45 ^ 
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Now taking the case of f c.c crystals for obtaining the elastic constants. The cartesian 

coordinates of ions are represented as ^i=liro, ^3“bro-ON I2. l3=0,±l, ±2, ), where 

ro is the nearest neighbor distance, the volume of elementary cell Vc=2 

The Coulomb interactions are considered between the ions in the crystal and the lattice 
sum defined by 


(nn'rt, ”3) 
' N 




2ni j2n2 j2n3 


(2.17) 


I,.l2.l3 (If + 1 ^+ 13 ')''^' 

Thus the lattice sums have been obtained as shown in Table 2.3. For the short range 
repulsive potential interaction between the nearest neighbor (fi, I2, l3=±l,0,0 etc.) and second 
nearest neighbor (fi, I2, l3=±l, ±1,0) are taken into acount. 

For face centered cubic crystals (present investigation) SOEC and TOEC at 0 K can be 
obtained using expressions as in Tables 2.2 and 2.3. 


Table 2.2 Static SOE and TOE constants C and C 


C°, ^ 


2r, 


4 ""5 
0 


br, 


1 1 
— + 


V^O by 


(t>(ro) + 


brn 


S I 

ylvQ ^ b 


<t>(V2ro), 


po _po _ o(i,i) , ^ rv2 . 1 '^ 
2rn br, 


^2ro b 


<t)(^/2ro), 


0 _ 15e e(3) ^ 

2r" ' b 


^3 3 1 1 , , , 

— + — + — (j)(ro)- 
^ro^ bro b^J 


pO _p0 _ 15e“ (2,1) 

*^112 ~ '^166 “ ' 


4 ^7 


c 


123 


2r, 


pO _pu _ 
'-144 ~ '-'456 “ 


J_ 

4b 


2b 


3V2 6 2V2 

j 1 

^ bro b^ 


V ^0 


<t)(V2ro) 


3V2 6 2V2 

— :r- + + — ^ 


V J'o 


brn 


♦(V2r„) 


J 


15e^ 


rti.i.i) 


2r, 


4 "7 


Here ro is the short range parameter, b is the hardness parameter 
(t)(ro)=A exp(-ro/b) and (j)( V2 ro)=A exp(- yfl ro/b) 

A is the parameter given by 

A= -3b(e^/r l)[6 exp(-ro/b)+l 2 V2 exp(-ro -v/2 ^)]■^ 
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Table 2.3 Values of lattice sum. 

S - 0.58252. S = - 1 .04622, S 

S = - 1 .36852. S = 0. 1 61 1 5, S 

2.3 Vibrational Elastic Constants or Temperature Variation of SOEC and TOEC using 
approximation fi coo«kT 

The vibrational energy density at temperature T is given as in equ.(2.6), which for 
h coo«kT [19] becomes as: 

F^'^^kT ?ln 2 (^ffl , / kT) (2.18) 

1=1 

An approximation [14,17,18] used in eqn. (2.18) is valid only in higher temperature limit, 
hence subsequent expressions for thermal coefficients. Here using the theorem that the spur 

of a matrix is invariant under coordinate transformation and E(X)f=3sN<co>av. Following 

Born’s suggestion, od, in eqn.(2.18) is replaced by (<co^>)’''^ as the average of of is generally 
shown to be 

<o^>av=(3s)-' Z(M„ )-’ Acp,, (R) - of (2. 1 9) 

where My is the mass of the v ion. In the present case, only the short range repulsive 
potential (t)(R)=A exp (-R/b) is taken into consideration for the interaction energies, because 
Coulombic contribution vanishs due to A(e^/r)=0. When the repulsive interactions up to the 
second neighbor are considered, it follows that 

oJo =f— + — 1— |f^5--lVr„) + 2fti-V2VV2r„)| (2.20) 

“ (m, Mjbr.Ub T"" U r ° I 

At a temperature T°K, lattice parameter changes from equilibrium ro to ro+6ro. For cubic 
crystals the thermal expansion is isotropic and assuming that it is independent of temperature 
then: 

5r=likT. (2.21) 

where k is Boltzmann constant and li will be defined latter. 

One now imposes the condition of equilibrium reduced to 

VcS Cikj,Ti‘^y-3skTY.k=0 (2.22) 


= 0.23185 
= - 0.09045 
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Where 7,t;=-(l/2)(51n<co^>av''5r|ik) is the generalized Griineisen constants and C,kji are the 
SOEC. For cubic crystal yik-5ik Y, Then 

— = r| ['J = (skT / Vj )(bulk modulus)’’ y (2.23) 

To 

The thermal strain is defined as 


tl,T8,j=- (2.24) 

The expressions for h can be easily written down. For face centered cubic crystal 

_b [(2 + 2p „ - pj )♦(!„ ) + 272(1 + V2p „ - pg )ii)(ro Vz)] 

‘2[(p^ -2)«r„) + 2(p„ -V2)4.(r„V2)J[(p, -2)«r„) + 4(p„ - V2)4i(r„V2)]’ 

where pg = rg / b , (j)(r) = A exp(-r/b) . 


Now expanding the vibrational part of the free energy of the deformed crystal in square 
and cubic terms one gets; 


V ij lY u=l 


r-1 1 


(R)]. 


)TU J 




2 a -1 


[{E^ E E m;'m;.'5,4j5,5,[da<p„„(R)j [da(p,.„.(R)] 


IJ. V 


fj™ =(kT/24co;)| EEETi,jn,i'ii,-/EM;'4,4,4,4j,4,4,.(D"A((>^„(R)] 

ij ij' iy 0=1 J 


r-h 


■(2q;)-'(E E^^, E m;;'m;.‘4,4j4,4j,4|.4,.[D'a<p„,„,(R)] ... 

oof I'n y 0 V m'y 0 1 ^“Vo' 


-lAyf-h 


[DA9„(R)]„ +(I8(o;)-'{ E . E ,, r ,, E M-M4'4,4 


1 A yf ~h 


^R=r, 


JTO 




(2.26) 


)o'oY rnvr 0^ 

^,,^j,^,.^j.[DAcp,,(R)] [DA<p,v(R)]„ m'C [DA(p,v(R)]. m'o’ ( 221 ) 

where coo^ is the mean square frequency of undeformed crystal (oo^)-< (»o^> [given in 
eqn.(2.20)] and =4uv and =^nv z=ij , i', j',i" and j" . 

Rearranging the terms one gets f ^ and f y,!’’ (f being vibrational energy per unit cell) 


^Vib =lfVib(^2 ^^2^ +Tl33) + fl2''’(tl,,Tl22 +^22^33 +1l33Ell) 
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(2.28) 


+ fr(i1n+r,^2+^33) 


^ 3 '"" (Till +TlL) + ^fu 2 {^n(il 22 +^ 33 ) + iiL (^33 +^ 11 ) 

6 2 

+ 'nL('nii + ■n 22 )} + A 23 ''nii'n 22 'n 33 + 2 f ,44 (ri[,ri 23 +'>122^31 +'n 33 
nn) + 2fi66'’{Tlf2(nu +’n22) + nL(^22 + 'n33 ) + ^31 (^133 +'nil)} 

+ 8f756Nl2n23^31 


where 


pVib 

hi 


kT 


gL. 


(G 2 - 2^) ; fiT'’ = kT(G„ - ; UT = kT 


G^. 


'Vib 


M,I 


rWib _ kT ^ r r ^ ^ G G - ^ G G 4 - ^ • 

Mil -~(^3 ~2^2^\ -“(^ 2,1 "■ 2 ^ 1 , 1^1 g ^ 2^1 |g ^ ’ 

f™ C =-y(Gi,u -^G,..G,); 


Vib kT 1 ^ /~t \ „„ j 4rVlb _ i,^ Gi,i,i 


fib" ^'^(G,,, -^G,,G,) and £ 4 ^ =kT ^ 


and 


G, =(no'EM-‘^?PA(p,J^ ; G2=<IM-‘^;p^Acp,J 


-U2 


- 2 . 


-lt: 4 m, 2 . 


mo 

110 


(2.29) 


G3 =coo^EM-'^fp^A(p ] ; Gi^, =cOo^EM-'^f^^P^A(p^J ; 

G 2 ,. =fflo'EM-'^/^^P'A(p,J^^^„o; and G,,,,, =coo^- 2 m-'^(^^^ 34 d^Acp,J,__^„.; 

On further evaluation of Gi, G 2 , G 3 , Gi,i, G 2 ,i and Gi,i,i in the approximation of second 
nearest neighbor interactions. 

Gi =[2(2po +2p^ -p^)(p(ro) + 2 ( 2 p 2 + 2p^ - p^)(p(ro^/2)]A; 

G 2 =[2(-6po -6po -Po +Po)9(ro) + (“6po -6po -Po + Po)9(ro^)]^i 

G 3 =[2(30po +30po +9p^ -p^ -p^)(p(ro) + (l/2)(30po +30po +9po -po - po)(p(ro V2)]A; 

G, , =[(l/2)(-6po -6p2 -p3 +p'oMroV2)]A; 

G 2 _, =[(l/4)(30po +30pg +9p^ -p^ -p^)(p(ro>/2)]A; andGi,i,i=0 
A = { pg - 2po) (p (ro) + 2(pI -2p2) (p ( V2 ro)} 
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po=ro/b and p2= ^2 ro/b and cp(r)=A exp(-r/b). 


SOEC and TOEC at T°K with lattice parameter r=ro+5ro can be written as 
C,j=C,(ro) + 6r(acS/Sr),=,„+V;‘f,^ 


0 j_ 

^ U ij 

(2.30) 

c,# = (r„) + 8r(SC“^ /*)„, + v;'f ™ 


0 1 ^ Vib 

^ ijk ^ ijk 

(2.31) 

cj=i,k(ac?/a)„, +(Tvj-'f™ 

(2.32) 

c;,=i,k(aci/a-),„„+(Tv.)-'f™ 

(2.33) 


2.4 Temperature variation of SOEC and TOEC without any approximation: 

In the case of short range interaction repulsive potential cp (r) is taken into acount for 
interaction energies because the contribution due to Coulombic paid vanishes being relation 
(AeVr)=0. Considering interaction upto second nearest neighbor expressions for co^o becomes 
as eqn. ( 2 . 20 ). 

Similar to internal energy Ui the vibrational is expanded in terms of riy and the 


square and cubic terms are given as 

F™=[(l/2!VJZZPP'(DD')F''"’Jp.„, 2(l/2!V,)ii,i,Hf,t, (2,34) 

Fj™ =[(1/3 !VJZZZpP'p'(D’D'D)F'''‘],.,. s(I/3!VJ,l„n„il„f,B„ (2.35) 

where 

f,ja = ZZEi5j5;5;(D'D)F™]j„, (2,36) 

f,ja™ = IZZEEj5'k5;Cr„(D-D'D)F™]K„ (2.37) 


Here the abbreviation p[[l°. ->• p' , (1 / )(d / dR|)l°. ) -> D' etc are used. 

By comparing eqns. (2.3) and (2.4) with eqns.(2.34) and (2.35), the vibrational elastic 
consants, C and C • The explicit formulae are obtained by calculating fjk After taking 

into consideration that D<( 0 ^>=l /6 Mv''DA<pnv(R)- The results for and C .obtained 
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thus are presented in Table 2.4. Where C^''^ and are represented as G,i’s. These f’s 
and Gn’s can be conveniently calculated by taking crystal symmetry into acount and their 
expressions are shown in Tables 2.5 and 2.6. By adding Qj to static constants C[|, and 

C , the SOEC and TOEC at required temperature can be obtained. 

Two parameters A and b in the Born-Mayer potential have been determined using the 
equilibrium condition that total energy (F) should be minimum i.e. (5F/dri,j)r=ro=0, where ro is 
the lattice parameter. In cubic crystals, it can be shown that 5F/5r|n=5F/5r|22=5F/5ri33 and 
5F/5r|23=5F/5ri3i=5F/5rii2=0. Therefore, the equilibrium condition is 



(5F/5Tly)r=rO=0 

(2.38) 

and the explicit form 



S? °<l>(ro) , “ <t>(V2^ro)+ °G,cothx-0 

ro b b 4 

(2.39) 

Table 2.4 Vibrational SOE and TOE constants and 

^ Vib 

= f(U)G2+PG2, 


p Vib 
^12 

= phGf+PG,, 


p Vib 
^^44 

= G,, 


p Vib 
'^111 



P Vib 
^112 

= G^ + Gi (2Gi,i + G 2 ) + G 2.1 


P Vib 

- f<'>‘’»G3 +3f^^’‘^GiGi,i + f^^^Gi,i,i 


p Vib 
^144 

= f<^’‘^GiG,pf'^^Gu.. 


p Vib 
^166 

= Gi Gp, + f<3) G 2.1 


p Vib 
^456 

= Gpu 


Table 2.5 Expressions of 


f(2) _f(3) _ _1_ cotjj X ; 

2r’ 4 
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f(l-l) ^ f(2,l) ^ 

2ro^ 48 

1 ? 2 cOo [ (/icoo)^ cothx 


fiCOr 


Itq 48 [2kTsinh^x 


fU.i.i) _ 


+ ■ 


+ coth X 


2ro 192 [6(kT)^ sinh^ x 2kT sinh^ x 


+ coth X > . 


Table2.6 Expressions of Gn 

Gi=2{(2 + 2po-p^)(l)(ro) + 2(V2 +2po- V2 p^)(t)(V2 ro) }H 
G 2 = 2 {(-6-6po-p^ + p^)<j)(ro) + (-3V2 -6po- V2 p^ +2p^)(t)(V2 ro) }H 
G 3 = 2[{(30 + 30 po + 9p^ -p^p^)(j)(ro) + {(15/2) S + 15po 
+ (9/2) V2 p^p^ -V2 p^)KV 2 ro)}]H 
Gi,i = {-3V2 -6po- 42 pI+2pI}<\>(42 ro) H 

G2,,= {(15/2) 42 +15po + (9/2) 42 pI-pI -42 p^) (|) ( V2 ro) }H 

Gi,i,i = 0 

H={po-2)(t)(ro) + 2(po- V2)(t)(V2 ro)} 

(j) (ro)= A exp. (-po) and <^(42 ro)= A exp. (- 42 po) 

Po= xjh where rois nearest neighbor distance and b being hardness parameter 


2.5. Ultrasonic attenuation in Solids 

The solids have greater binding forces between their constitute atoms than the fluids, 
hence in general they support shear stress and may also have anisotropy. Since solid can 
support shear stress, both longitudinal and shear waves can be propagated. For any direction 
of propagation in a solid the different modes with mutually orthogonal displacements are 
possible. However these modes will neither be pure longitudinal nor pure shear waves. Solids 
have a number of contributions to ultrasonic attenuation. These contributions could be 
estimated under different conditions of concerned medium. One can study the particular 
cause of attenuation and eliminate the other contribution by having control over the physical 
properties of materials. 
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Most of the energy absorbed from acoustic beam is converted into heat and dissipated in 
the material. As pointed out earlier [3-7, 9-10] the absorption of ultrasonic waves in solids 
may be attributed mostly to the dissipate type of absorption but there are non-dissipated type 
absorption also. Various dissipated type of ultrasonic absorption may be classified [20] as 
being due to 

(a) Electron-phonon interaction 

(b) Phonon-phonon interaction 

(c) Thermoelastic loss 

(d) Ferromagnetic and ferroelectric loss 

(e) Lattice imperfections 

(f) NMR and thermal relaxation 

(g) Dislocations etc. 

If it is assumed that the hypothetical crystal under study is perfect and non ferromagnetic 
and non-ferroelectric, then there will be only three causes viz-electron-phonon interaction (at 
low temperature), Phonon-phonon interaction, and thermoelactic loss at room temperature (at 
higher temperature). In the present work these types of losses have been studied. 

2.5.1 Electron-phonon interaction 

When an ultrasonic wave propagates through a solid^the coupling between the wave and 
the conduction electrons dissipates some of the acoustic energy. Debye theory of specific 
heat suggests that the energy exchange occur in metals free electrons and interacting lattice at 
low temperature. AiJi£Lm.att-eF“- 0 f-feet &e electi'on-phonon interaction in a conducting solid 
can be understood in three different ways 

(1) Attenuation of acoustic wave [21] 

(2) Velocity dispersion[22] 

(3) The presence of acoustoelectric field[23] 

The Physical mechanism by which acoustic phonons interact with conduction electrons 
can be classified into four categories 
(1) Purely electromagnetic coupling [5, 24] 

This kind of coupling arises in solids in which two atoms are ionized or have a high 
density of ionized impurities. 

(2.) Deformation potential coupling [25,26] 
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is due to detailed band structure of solids and mechanism is dominant one in most 
conducting solids at high enough frequency. 

(3.) Piezo-electric coupling [27] 

It arises in piezoelectric semiconductors. 

(4.) Magneto-elastic coupling [28] 

It is effective in those conducting solids in which magnetostrictive effect is large. It is 
dominant in ferromagnetic conductors. 

The electron-phonon interaction becomes very important tool and can be used in 
studying the electronic band structure of matter. The information that can be obtained in this 
manner includes carrier effective masses, the dimensions of the Fermi-surface. This kind of 
interaction also provides a method for amplifying and generating phonon of very high 
frequency [29], effect of trapping[30,31,32] attenuation of ultrasound [33]; to generate[34] 
and study hot electrons[35,36] in semiconductors. 

The attenuation of ultrasonic wave due to this effect becomes an important matter of 

n'.ovn ‘‘i;* 

extensive study below lOOK. At still lower temperature be^des other factors, dislocation 
losses also vanish and the loss only due to electron-phonon interaction remains effective. 
However in superconducting state lattice is not able to transfer momentum to electron gas 
and the damping disappears. 

Mason’s formulation for the attenuation of Ultrasonic waves due to Electron-phonon 


interaction 

At low temperature in pure metals [5,6,37,38], when the mean free path of conduction 
electrons becomes large is comparable to the wavelength of the acoustic wave. 

According to Mason [37,39] analysis the energy of electrons in normal state is carried to 
and from the lattice vibration by means of transfer of momentum. The momentum given to it 
by the vibrating lattice is not returned to the lattice immediately and viscous loss occurs. 

The electron viscosity [40] tie for the ideal gas may be given by 




NlmV 

3 


(2.40) 


where N is the number of electron per cc, m their mass 1 the mean free path ( in this case 
between electrons and lattice atom (phonon) and V the mean velocity. The last two 
quantities can be evaluated from the theory of free electron gas [41] and are 
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-(371^N) 


1/2 


amV 


(2.41) 


5m^ ' ' Ne“ 

where e is the charge on the electron, h is the Planck's constants divided by 27i: and a is 
the electrical resistivity in cgs system. Introducing eqn.(2.41) in eqn.(2.40) and substituting 
9X10” 


R 


where R is the electrical resistivity in ohm cm, the value of rje becomes 


9X10”^^ 

5e^R 




2/3 


(2.42) 


The attenuation of ultrasonic waves caused by the energy loss due to shear and 
compressional viscosities of the electron gas for longitudinal and shear waves in the lattice is 
given as 


27i:^f^ 4 

(c^) long (Np / cm) = - - (- Ti e + x) (2.43) 

pV, 3 

(a)shear(Np/cm) = — (2.44) 

pVs 

where p is the density of the crystal, f is the frequency, pe the shear viscosity, % the 
compressional viscosity, Vi and Vs are directly related with second order elastic constants 
Cij, as 


V,= 



and 



(2.45) 


X is taken to be zero on the basis of measurement made in metals[34]. 

Mason also discussed BdmmeTs result in terms of the equivalent shear viscosity of the 
electron gas. The discussion of Mason [37] and Morse [6] leads the similar results. However 
the two approaches are differ at high frequencies. Not this but leading term of Pippards [5] 
gives the similar results as obtained by Morse and Mason. Hence the basic assumption lying 
in explaining the phenomenon is the same. 

Schrey [42] measured the e-p interaction attenuation in Copper and they have also 
predicted the results, which are good agreement with this theory. 

Thus in the present work we have used Mason’s approach for evaluating the ultrasonic 
attenuation due to e-p interaction at lower temperatures. 
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2.5.2 Phonon-phonon interaction 

At higher temperature i.e. at lOOK and above the ultrasonic attenuation arises mainly due 
to interaction of acoustical phonons and thermal phonons in solids. 

Two distinct theoretical approaches have been found useful in estimating velocity and 
attenuation due to p-p interaction: 

(1) Landau-Rumer’s theory 

(2) Akhiezer theory 

2.5.2 A Landau-Rumer’s theory: 

In Landau-Rumer’s theory [43], the acoustic and thermal waves are treated 
microscopically, which are valid at low temperature i.e, when ©t» 1, where co is the 
frequency of the ultrasonic waves andt is the thermal relaxation time. The acoustic wave is 
considered as a beam of low energy phonons and the attenuation is calculated by obtaining 
the rate at which these acoustic phonons are scattred by elastic collisions with thermal 
phonons. Anisotropy and velocity dispersions are ignored in the original theory. Various 
investigators have extended the theory and have considered how the attenuation is affected 
by anisotropy and dispersion. The correction to the sound velocity due to interaction with 
thermal phonons, may also be calculated as the presence of thermal phonons changes the 
energy of each acoustic phonon by a small amount, which causes the changes in the velocity 
and can be evaluated by second order quantum mechanical perturbation theory. Recently 
Bonnet et al.[44] have measured attenuation due to p-p interaction for NaCl and KCl in a 
wide temperature region using hypersonic waves in Brillouin scattering and they found good 
agreement with Landau-Rummer theory. 

2.5.2B Akhiezer’s theory: 

In the Landau’s theory, interaction between thermal phonons and acoustic phonons has 
been taken into account by considering these interactions. Boltzmann distribution equation 
can be used for the evaluation of ultrasonic attenuation. According to Akhieser [45] the 
sound wave modulates the thermal phonon distribution of the medium through which it 
propagates. The modulated phonons are no longer in equilibrium but tends to relax back to 
equilibrium via phonon-phonon interaction caused by anharmonic interaction. In the process 
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of relaxing back, entropy is produced and energy is absorbed from the propagating sound 
waves. The sound waves are treated macroscopically and the strain of sound waves as the 
driving force on the system of thermal phonons. Earlier this theory restricted to high 
temperatures i.e. under the conditions (ot«1. However the theory was further developed by 
Woodruff and Ehrenreich [4] and extended to the condition cot»1. 

When Boltzmann equation is applied to consider the interaction between the 

individual thermal phonons. Boltzmann equation is given by 

(2.46) 

Jcii 


5N(kJ) 


= (0.,(kJ) 


dvi ,J aN(kj) ,, aN(kj) 


Where N(kJ) is total number of phonons (k is the wave vector of ultrasonic wave and J is 
polarization direction), V(kJ) is phase velocity, T(kJ) is life time for acoustical phonons. 


®i,(kJ) = 


5(o(kJ) 


(2.47) 


and riij is lagrangian strain tensor defined as 


^11 


1 r 5U, 5Uj aUk 5Uk 


2 dXj dXj dX, dXj 


(2.48) 


Where U is the displacement and X the position in the equation motion. The three different 
types of collision between thermal phonon may take place, which are briefly discussed 
below: 

(i) Normal Process: 

These collisions arises due to anharmonicity with the involvement of three phonons 
process in general. In this process the total energy Eph of thermal phonons and the total quasi 
momentum (p) remains conserved. One therefore obtains 

Eph = D N(k'J)^cD(k'J) =Constant (2.49) 

kJ 


p= 2] N(k ' J)^k ^Constant 

kJ 


(2.50) 


,k = 0 

“L * Jcii 


(2.51) 


19 



and 


aN(kJ) 

a 


/}k = 0 


(2.52) 


JColl 


It can further shown that Normal process results in a distribution function which after 
simplification reduces to 

^co(kJ)-Wdk’ 


NN(k'J) = 


exp- 


kgTp 


(2.53) 


Where Vd is the drift velocity and Ti corresponds to local temperature. Because of the 
conservation law on the quasi momentum, N-process alone are not able to bring arbitrary 
initial distribution of thermal phonons into thermal equilibrium. 

(ii) Umklapp Process: 

Umklapp process is different from the normal process as in this process the momentum is 
not conserved and therefore the following expression gives the energy 


E 

kj 


gN(kJ) 

dt 


Coll 


^k = 0 


(2.54) 


The equilibrium is completed by non-equilibrium distribution of phonons and distribution is 
given as follows 

(2.55) 


N,(kJ) = 


^©(kJ) , 

exp — ^ 1 

keT.p 


Where T, is the local temperature, unlike N-processes it can bring non-equilibrium of 
phonon to complete the equilibrium. 

(iii) Elastic Scattering: 

In this process acoustic phonon collide with impurities etc. and mostly the scattering 
process is elastic. The frequency remains unchanged but the wave vector changes and the 
conserved energy can be mathematically expressed as given below 


I 

kJ 


aN(kJ) 
at 


JColl 


5[©-ffl(kJ)] = 0 


- (2.56) 


In this case the distribution takes the form 


NE(kJ) 


exp 


^©(kJ) ^ 

kBT©(kJ) 


(2.57) 
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Elastic processes also do not produce complete equilibrium when acting by themselve. 
However E and N processes acting together to produce equilibrium. When many Umklapp 
processes are considered and one restricted to the case CL)Tti,«l, where tth is the average time 
between Umklapp processes, a finite value for the attenuation is obtained as follows: 


^ co^e.(kJ)k^e,(kJ)k,V„„ ^ co^Tk,^k,k 
“ 2pV^(kJ) 2pV^(kJ)C^ 




(2.58) 


Where Cuki is second order elastic constant, C is the specific heat per unit volume, V is the 
phase velocity. The first term arises from phonon-viscosity and the second term from heat 
conduction. However, the relation (2.58) is not very useful as there is no practical way of 
evaluating V,jki (viscosity tensor). The relation seems to be useful as it provides the relations 
between attenuation of waves of different polarization and propagation direction. In case of 
cubic crystals the viscosity tensor has three independent components Vn, V 12 and V44. The 
attenuation due to viscosity may be given as 



Where Veff can be given in terms of Vn, V12 and V44. Similarly the loss due to thermal 
conduction for cubic symmetry also takes a simpler forms because the conductivity and 
thermal conduction tensor are isotropic. Thus 

K.X|j.~ KdxjjCtim'-ocdys (2.60) 

and hence attenuation due to heat conduction is given as: 

«,h +2C„)'[e,(kJ-kj)] (2.61) 

2VHkJ)C 

For pure shear wave e(kJ) is perpendicular to k and thus ej(kJ).kJ=0, Hence there is no heat 
conduction. For the pure longitudinal wave e (kj).kj=l. Many worker viz Bommel and 
Dransfeld [3], Lamb and Ritcher [46], Lewis and Patterson [47] have studied the attenuation 
and found that the attenuation due to thermal conduction is not very appreciable and can be 
ignored. The quadratic dependence on attenuation is shown in eq.(2.58) and (2.61) and was 
verified by Lamb and Ritcher [46], by measuring attenuation in quartz, fused silica, silicon 
and Germanium between 100 to lOOOMHz at room temperature. However a simplified 
approach was taken up by Woodruff and Ehrenreich [4] and they took the time independent 
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Boltzmann transport equation to describe the process. The collision integral is written 
explicitly and exclusively in terms of three phonon transition probabilities. They ha\-e 
avoided to separate the absorption into heat flow and discuss damping part because cotth=l, 
the separation is difficult to justify. The expression for the case ©Ttii«l is 


a = 


3V^ 


where K=C V /3 and for fflT»l 


(2.62) 


a = 


TtCTy^© 

4pV^ 


(2.63) 


It is interesting to note that this expression is independent of x and has the same 
dependence on © and T as that arrived by Landau and Rummer [43] quantum mechanical 
treatment for ©x>l. Here y is the some form of Griineisen constants respectively the non- 
linearity of the elastic moduli and is given as 

3a 'k 


C 


(2.64) 


a' and k are thermal expansion coefficient and bulk modulus. The thermal relaxation time 
X ( represented as Xth here after) is determined by the time required to transfer the acoustic 
energy into thermal phonon and the time to equalize the temperature difference of the 
phonons. Experimentally Herring [48] has obtained that the thermal phonon relaxation time 
for longitudinal X| and shear wave Xs as 

- 

'^sh '^long 2 (2.0 Jj 

2 CvV 


where K is the thermal conductivity, Cv is the specific heat per unit volume, V is the 
Debye average velocity of ultrasonic wave as: 


1 2 

-^ + - 


(2.66) 


Vr Vs^ 

where Vi and Vs are the ultrasonic longitudinal and shear wave velocities respectively. 
However the method of Woodruff and Ehrenreich [4] is also not found very useful for 
quantitative value of attenuation due to insufficient information available for y used in 
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expression. In 1983 Bonnet et al.[44] have studied experimentally few alkali halides and 
concluded that attenuation is successfully explained in Akhieser region [45]. 


(iv) Mason’s approach: 

Akhiezer [45] was first to propose the phonon-viscosity mechanism, but he did not 
include the finite value of relaxation time for thermal equilibrium process. Bommel and 
Dransfeld [3] later modified this work considering the relaxation time to be finite. They have 
obtained results comparable to the experimental results. Further Woodruff and Ehrenreich 
used the Boltzmann equation method to evaluate the steady state distribution of thermal 
phonons and acoustical attenuation. But due to insufficient information regarding y; Mason 
[9] has used Gruneisen constants <yi''> which is related to second and third order elastic 
constants and this approach is found to be very useful for the estimation of the ultrasonic 
attenuation in various crystals. 

At room temperature and in a wide temperature region also, thermal relaxation time, Xth 
varies from 10''° sec to 10''°sec from metallic to dielectric crystals. As the temperature 
increases, Xth decreases. Hence condition coTth«l holds good and at the same time the 
individual phonon losses its significance and idea of the phonon gas having macroscopic 
parameters is described. The sudden application of acoustical pressure on a body at 
temperature T causes different temperature increments for different phonon modes, which 
relax back to new equilibrium at temperature T+AT through the phonon-phonon collision. 
This temperature difference lags behind the periodic stress and causes a relaxational 
absorption. 

The relation between the attenuation and ACe (change in the elastic constant due to no- 


equilibrium temptation separation of the phonon modes by the applied strain) is given as 


ACeO Tth 
2pV°(l + ffl'T?,) 


(2.67) 


Where a is the attenuation in Np/cm, p is density, co is the angular frequency of the 


ultrasonic waves and V is the velocity of the wave. 

When the strain Sj is applied to the crystal, there is change in mode frequency given by 


=®io =(l-ZYiSj) 

j=i 


( 2 . 68 ) 
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co,o is the frequency of the mode in the standard state. By measurement of SOEC and 
TOEC, it could be predicted that <y,''> do not much and when the above expression is 
differentiated, one obtains 


. doJdS. 

y/=- 




(2.69) 


Yf' is known as Gruneisen number, Brugger has given a general formula for yr' by in 
terms of the tensor notation- 

yl =-yf ‘=Uj Ut+(NpNq/2C)(Cjkp,+ U, U. Cj^„) (2,70) 

where j k are the two index symbols for strain Sj, Np and Nq are the direction cosines for the 
propagation direction and Ce is the required elastic constants determined by the type of wave 
and the direction of propagation Uj and Uk are the direction cosines for the particle 
displacement, Cjkpq 3ttd Cjkpqrs &te the SOEC and TOEC in tensor notations. Now suddenly 
applied strain neither changes the number of modes nor their entropy. Mason considered 
thermal energy of the modes under Debye approximation 




N, y 


. 0 )', 0 


(2.71) 


Differentiating the sum of the elastic energy plus total thermal energy of all modes one 
obtains 




-C^:S, +3h — 
'J ^ 5S 


Z-/ o J 


cOg, 0 


and finally one obtains 


Tj=[C^j+3ZE,(yj)]Sj+3EE,yJ 


(2.72) 


(2.73) 


Tj is the stress associated with the strain Sj, C^ is the corresponding elastic constants 


resulting from no entropy exchanges between any of the modes and y/ is Gruneisen number. 
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Ei is the thermal energy associated with each direction and each mode. The abo\'e 
expression clearly shows the increase in elastic moduli 

AC=3SEi(Y,'')^ (2.74) 

This is valid for shear modes for which the average rise in temperature is zero. For 
longitudinal modes, the increase in modulus resulting from the difference between the 
adiabatic and isothermal conditions is to be subtracted and it is given by 

AC=[3EEi(yJ)VCT] (2.75) 

replacing the value of AC in eqn.(2.67) 


a = 


for (aTth«l 


a = 


g>^'^thEo(D/3) 

2pV3(l + ®^?„) 

Q>^T^thEo(D/3) 

2pV^ 


Eqn. (2.77) reduced to 


_47r^TthEo(D/3) 
(«/f ).ong = ^^^^3 

2 47r2t^Eo(D/3) 

(“'f ) shear. - 

2pVs 


(2.76) 


(2.77) 


(2.78) 


(2.79) 


For longitudinal and shear wave respectively; here D is the non linearity constants or 
acoustic coupling constant. 


D = 9 < (yif > (2.80) 

Eo 

Mason and coworkers [7,9,49] have obtained a number of tables of SOEC and TOEC to 
evaluate <y(> and <(y()^> for different directions of propagation and polarization. In 
Appendix-A various equations have been given for calculating Griineisen numbers along 
directions of propagation viz <100>, <110> and <11 1>. The average have been taken over 
various modes. Though Barret and Holland [50] have criticized this method by arguing that 
strain wave modulate the frequency and energy and density of thermal phonons. This 
modulation creates a variation in the instantaneous population of mode from its equilibrium 
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value. Their next objection is that the present approach involves the product of specific heat 
and absolute temperature i.e. CvT, instead of thermal energy Eq. Both Cy and Eq are Debye 
function of (0d/T) and differ by a numerical factor only. But these two effects do not cause 
any appreciable effect on the value the ultrasonic attenuation when cOTth«l. Maris [51] has 
also reviewed this approach and concluded that the approach is not good for Silicon and 
Germanium but for the other crystals it would give reliable results. Nava et al. [52,53] have 
included anisotropies and acoustic dispersion in their formulation to obtain ultrasonic 
attenuation defining ultrasonic Gruneisen parameters. The expression for attenuation is under 
the condition (D^(l-PnA/j)Tth«l 


a 


j 


3K|.Tco^r/ 

pV/v" 


(2.81) 


where 


r. =■ 


Kk 


S(q.r.yq)] 




(2.82) 


Where Vj is the ultrasonic velocity, j is the polarization direction, to is the angular 
frequency is thermal conductivity along k, V is the Debye average velocity and n is the 
projection of the phonon velocity along the second waves propagation directions and Ej is 
Ultrasonic gruneisen parameter (UGP) defined as 

n^ 

Where ynj is the generalized Gruneisen parameter which describes the change in the mode 
frequency caused by strain of the sound wave, y is the calculated value of the Gruneisen 
number and 5ji is the Kronecker delta that arises from local equilibrium effects associated 
with longitudinal sound wave. 

The main difficulty in applying the above approach is that one lacks sufficiently detailed 
knowledge about the dispersion and polarization dependence of relevant microscopic 
quantities like Gruneisen parameters and relaxation times of thermal phonon modes coupled 
to external wave. Hence it is preferred to calculate UGP by taking experimental values of 
attenuation. Therefore due to these complexities and unknown factors involved in other 
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appi caches the Mason [9] approach still seems most suitable and will be widely used to 
obtain ultiasonic attenuation under different physical condition in present investigation. 

2.5.3 Thermoelastic loss 

In an isotropic polycrystalline solid when a stress is applied, there will be a variation of 
strain from one grain to another [54]. Here the substance is isotropic due to random 
oreintation of grains. The individual grain may be an isotropic. The propagation of 
longitudinal ultrasonic waves creates compression and rarefaction throughout the lattice. The 
rarefied regions are colder than that of compressed regions and hence there is a flow of heat 
between the two regions and direction of flow of the energy will reversed after every half 
cycle. Since this is a relaxational phenomenon, hence there is a loss of energy. The 
attenuation due to this effect is given by [9] 



Where C“„ and are adiabatic and isothermal elastic moduli, K is the thermal 


conductivity and Cv is the specific heat per gm. The difference between tliese two values 
ma}' be obtained with the help of SOEC and TOEC. The loss is not so important in case of 
insulating and semiconducting crystals due to less free electrons. The contribution due to 
mechanism is neglegible in comparison to phonon viscosity mechanism. In the case of 
metals, thermal conduction arises due to electronic and lattice contribution to total ultrasonic 
attenuation. In case of shear waves propagation there towards be no loss due to this 
mechanism as there is no compression and rarefaction resulting to heat effect. However the 
expression for attenuation given by Mason for longitudinal wave is 




Where K is thermal conductivity, for shear wave athrm-0 as <yf'>-0. 

If it is assumed that the hypothetical crystal under investigation is perfect, non- 
ferromagnetic, non-ferroelectric; there would be only three principal thermal causes of 
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attenuation viz: electron-phonon interaction, phonon-phonon interaction and thermoelastic 
relaxation. At room temperature and above the loss due electron-phonon interaction can be 
ignored. 

In the present work, ultrasonic attenuation due to above causes has been discussed in 
wide temperature range in metals, dielectrics, semiconductors, semimetallics, intermetallics 
and metallic alloys. 
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CHAPTER-3 


Temperature Dependence of Ultrasonic 
Attenuation in Metallic Crystals 

3.1 Introduction 

Studies of ultrasonic attenuation have been carried out in solids, at different physical 
conditions in different ways of the materials [1-4] recently. 

In this chapter, ultrasonic attenuation due to electron-phonon interaction, phonon- 
phonon interaction and thermoelastic loss has been studied in the temperature range 5 to 
373. 2K in f-block elements (rare-earths) of the Periodic Table in which two lanthanides 
cerium(Ce) and ytterbium(Yb), and one actinide thorium (Th) possessing face centered 
cubic crystalline structure. The ultrasonic attenuation due to electron-phonon interaction 
has been studied from 5 to 80K, while the attenuation due to phonon- phonon interaction 
and thermoelastic loss at 273. 2K, 298.2K and 373.2K temperatures is studied along 
<100>, <11 0> and <11 1> crystallographic direction for longitudinal and shear waves 

polarized along <100>, <001>&<110> and <11 0> directions respectively. For the 
evaluation of ultrasonic absorption coefficient, the second and third order elastic 
constants (SOEC & TOEC) have been evaluated. In the present work, Ce, Yb and Th 
have been chosen because they have some different properties from the other metals. 

Cerium is the most abundant of metals of the so called rare earth. It is found in a 
number of minerals including allanite. Cerium is a component misch metal, which is 
extensively used in manufacture of pyrophoric alloys for agarth lighters etc. It with other 
rare-earths, is used in carbon-arc lighting, especially in the motion picture industry. 

Ytterbium occurs along with other rare earths in the number of rare minerals. It is 
commercially recovered principally from monazite sand. Ytterbium has bright silvery 
luster, is soft, malleable and quite ductile. While the element is fairly stable. Ytterbium 
normally has two allotropic forms with a transformation point at 798°C. The a-form is 
room temperature, face centred cubic modification, while the higher temperature p-form 
is a body centered cubic form. Another body centered cubic phase has recently been 
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found to stable at high pressures at room temperature, a-form ordinarily has metallic type 
conductivity, becomes a semiconductor when the pressure is increased about 16000 atm. 
Natural Ytterbium is a mixture of seven stable isotopes. Ytterbium metal has possible use 
in improving the grain refinement, strength and other mechanical properties of stainless 
steel. One isotope is reported to have been used as a radiation source as a substitute for a 
portable X-ray machine where electricity is unavailable. 

Thorium metal is a source of nuclear power. Thorium was originally assigned a 
position in Group IV of the Periodic Table. It is now considered to be the second member 
of the actinide series of the elements. This is a silvery-white metal. Thorium stores more 
energy than all the @92 plus the fossil fuels of the coal and oil combined. 

Much of the three metals have a technological and industrial importance therefore we 
have chosen these metals for the study of ultrasonic investigations at different physical 
conditions to make them more useful for the world welfare. 

3.2 Theory 

As one has indicated in the introduction that SOEC & TOEC are playing very 
important role to evaluate the ultrasonic attenuation. Hence theory is divided into two 
phases. 

3.2.1 Theory of second and third order elastic constants 

In the primary phase we have computed SOEC and TOEC following Snigger’s 
definition of elastic constants at absolute 0 K(Cy and C^^ ) [5-6]. The SOEC and TOEC 

at different temperature are obtained by method developed by Leibffied and Haln [7], 
Ludwig [8], Ghate [9] and Mori and Hiki [10] for face centered cubic crystal. Here it is 
assumed that (ji^vCr) -the interaction potential is the sum of the Coulomb and Bom-Mayer 
short range potential i.e. 

<t>jxo(r) = ± Yj + Aexp(-^) (3.1) 

The electronic charge is e, the nearest neighbor distance r and ± signs apply to like and 
unlike charges and A and b are the parameters. Further assumption was that A and b are 
the same for interactions between like and unlike[10] ions. 

All the formulations used in the calculations of SOEC and TOEC are given as follows: 
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An elastic constant can be separated in two 

CijK ."Cy +Cui^ , (3-2) 

Explicit expressions for the elastic constants have been given in Tables 2.2, 2.3, 2.7, 2.8 
etc. in the chapter II 

3.2.2 (a) Ultrasonic attenuation due to e-p interaction: 

In the pure metals, at the low temperatures the electron mean free path increases and is 
of the same magnitude as the mean free path of the acoustical phonons at high frequency. 
Hence the probability of interaction between conducting electrons and phonons increases 
as explained by Pippard [11], Morse [12] and Mason [13]. When the ultrasonic wave is 
passed through a solid, a coupling between electrons and acoustical phonons occurs 
below 80K. 

The attenuation of ultrasonic wave due shear and compressional viscosities of the 
lattice at low temperature for longitudinal and shear wave approached by Mason [13,14] 
used in this evaluation are as: 


2 . 2 71 


(a / f )lona = 


(a /f") 


pVf 

2 71 


2/4 \ 

3 J 


shear 


pv 


T^e 


5e^R 


(3.3) 

(3.4) 

(3.4a) 


Where Pg -stands for electron viscosity, V| and Vs-velocities of longitudinal and shear 


waves ,f-the frequency of the wave, x-compressional viscosity, p-density of the material, 
R-electrical resistivity, N-electronic density and q-the Planck’s constants divided by 27c. 
3.2.2.b Ultrasonic attenuation due to p-p interaction: 

The phonon-phonon interaction processes occur mainly at higher temperatures as 
described in the preceding chapter II. At higher temperatures two main causes of 
ultrasonic attenuation in solid are known as (i) Akhiezer loss and (ii) thermoelastic loss. 
Akhiezer [15] first proposed the ultrasonic attenuation due to phonon viscosity 
mechanism. Bommel and Dransfeld [16] and Woodruff and Ehrenreich [17] made 
improvement and finally expression for ultrasonic attenuation has been given by Mason 
[18]. Ultrasonic attenuation due to phonon-phonon interaction is caused by interaction of 
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thermal phonons and acoustical phonons in the frequency range coTth«l [15] (co is 
angular frequency of ultrasonic wave and Tth is the thermal relaxation time) is obtained as 
[18]: 




27r^Eo(D/3)T 

pV' 


(3.5) 


where Eo is the energy density, p is the density, D is non-linearity parameters for 

, ■ ^ , ts2 (3<y/>^CvT) , . , 

longitudmal/shear waves as D = 9 < (y, ) > ’ ; < y, > is the average of 


Griinesisen parameters, V is ultrasonic velocity for longitudinal/shear waves, t is thermal 


relaxation 


time 


1 3K 

as — '^s ~ _ '^1 — 2 

2 CyV 


, xi and xs are thermal relaxation time for 


longitudinal and shear wave respectively, K is thermal conductivity, Cy is specific heat 


per unit volume, V is the Debye average velocity of ultrasonic wave as — ^ + — r • 

v" Vf v| 

Vi and Vs are longitudinal and shear waves as Vj = ^JCll/p and Vg = -JC 44 /p ; Cn 


and C44 are the second order elastic constants. 

The expression to evaluate ultrasonic attenuation due to thermoelastic loss is as 



4n^ < y KT 
2pV= 


(3.6) 


where symbols have their meming as described in chapter 11. 

3.3 Evaluations, results and discussions 

The attenuation caused by electron-phonon interaction, phonon-phonon interaction 
and thermoelastic relaxation is evaluated using Bom-Mayer (hardness) parameter and 
nearest neighbor distance for Ce, Yb and Th respectively at different temperatures. 
Preceding with first part Cu and Cuk at different temperatures are evaluated from nearest 
neighbor distance [19] ro=3.65, 3.88 and 3.60 (all in A°) for Ce, Yb and Th and hardness 
parameter b=0.303,0.298 and 0.3 13 (all in A°) for Ce, Yb and Th respectively. The SOEC 
and TOEC have been evaluated at different temperatures using the theory given in 
section 2.1 of chapter II (Tables 2.2-2.6). SOEC at the temperature range 5K to 80K, 
density (p) and ultrasonic velocities (Vi and Vs) are presented in Tables 3. 1,3.2 and 3.3 at 
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the temperature range 5-80K. Electron viscosity (rje) has been evaluated using thermal 
component of electrical resistivity (R) [20,21,22]. The values of density from the 
literature [23] Ultrasonic attenuation coefficient over frequency square (a/f^) due to 
electron-phonon interaction ha’-'e been evaluated from temperature 5K to 80K using the 
equs.(3.3) and (3.4). The values of electrical resistivity (R), calculated values of electron- 
viscosity (rie) and ultrasonic attenuation due to electron-phonon interaction [(a/f^)iong for 
longitudinal wave and (a/f^)shear for shear wave] are presented in Tables 3. 4-3. 6 for these 
metals. The temperature variation of ultrasonic attenuation due to electron-phonon 
interaction and temperature vs ln( R) have been plotted in Figs. 3.1 to 3.9 for Ce, Yb and 
Th for longitudinal and shear waves. 

SOEC and TOEC at the temperatures 273.2K, 298.2K and 373.2K are presented in 
Tables 3. 7,3. 8 and 3.9. Which have been used to obtain Griineisen parameters [18]<Yf'> 
and along <100> direction for longitudinal wave over 39 modes and for shear 

wave over 18 modes; along <1 10> direction for longitudinal wave over 39 modes and for 
shear wave polarized along <00 1> direction over 14 modes & polarized along <11 0> 
direction over 20 modes and along <1 1 1> direction for longitudinal wave over 39 modes 

and for shear wave polarized along <110> direction over 14 modes. Griineisen 
parameters are evaluated by using Mason’s table (Appendix A). Thermal relaxation time 
has been evaluated taking lattice thermal conductivity [20-22], using eqn.(2.65) as in 
chapter II. Specific heat per unit volume and Energy density of crystals have been 
evaluated as a function of 0d/T [23]; where 0d is Debye temperature. Non-linearity 
constants D has been obtained at different temperature using equ.(2.80) as in chapter 11. 
The values of Griineisen parameters <yf’> and <(y()^> and non-linearity constants D are 
presented in Tables 3.9-3.11. Ultrasonic attenuation due to p-p interaction have been 
evaluated at these temperature along <100>,<1 10> and <1 1 1> directions for longitudinal 
and shear waves using eqn.(3.5) and are presented in Tables 3.12 to 3.14. Ultrasonic 
attenuation due to thermoelastic mechanism (a</'^)th at different higher temperatures has 
been evaluated using total thermal conductivity taken from the literature [20-22] using 
eqn. (3.6) and are presented in Tables 3.12-3.14. All calculations have been done by self 
developed computer program in C++ language. 
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Obviously from eqn. (2.42) as in chapter II, electron viscosity (rie) is inversely 
proportional to electrical resistivity (. R) The ultrasonic attenuation for both longitudinal 
and shear wave is directly proportional to electron viscosity (rie) from the eqns.3.3 and 
3.4. It can be observed from Tables 3.4 to 3.6 and Figs 3.1 to 3.9 that the attenuation of 
ultrasonic waves normally decreases rapidly with electron viscosity (r|e) and with the 
temperature, except one anomalous kink at 20K in case of Yb. 

It is clear from the Figs. 3.1 to 3.6 and 3.7 to 3.9 that the behavior of temperature 
dependence of ultrasonic attenuation gives the clear indication that the possibility of 
electron-phonon interaction becomes small beyond 80K and loss due to this effect also 
ceases. The variation of attenuation of ultrasonic waves with temperature is. not linear and 
similar to the variation of In (1/R) with temperature. This shows that a is directly related 
with electrical conductivity of the metals. One anomalous kink at 20K in the behavior of 
temperature dependence of ultrasonic attenuation in Ytterbium at lower temperature is 
due to effect of electrical resistivity at that temperature [22]. Order of the ultrasonic 
attenuation in Ce, Yb and Th for longitudinal wave is the same as compared with other 
metals [25-27]. Thus the trend of the behavior of temperature dependence of ultrasonic 
attenuation at lower temperature is normally same as compared to other metals [25-27] 
except one peak in Ytterbium at 20K and describe the characteristic features of the 
metals. 

It is seen from the Table 3.8 that thermal relaxation time(Tth) in all the three 
temperatures has the same order as in previously studied metals [18]. Thermal relaxation 
time (xth) has positive temperature dependence in Yb and Th. It is obvious from the Table 
3.8 that the values of thermal conductivity in these metals are approximately same for 
273.2K, 298.2K and 373.2K temperatures. It can be seen from Tables 3.12 to 3.14 that 
the thermoelastic loss (aT^)th is negligible in comparison to Akhieser type 
attenuation(a'f^)Akh (loss due to p-p interaction). This is due to low values of thermal 
conductivity of these metals and higher values of Debye average velocities of the waves 
along all the three propagating directions. Positive temperature dependence of the 
thermoelstic loss (a//^)th in Cerium, Ytterbium and Thorium is approximately the same as 
in other metals [25-27]. 
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Attenuation of longitudinal wave is more than that of the shear wave along <100> 
and <1 10> direction polarized along <00 1>. A Greater the value of ultrasonic attenuation 
for longitudinal wave along <100> in comparison to shear wave attenuation is due to 
greater value of non-linearity parameters (Di). In the case of wave propagating along 
<11 0> direction and shear wave polarizing along<001>, although Dsi is greater than the 
(Di), the value of (a-f )Akhiong are greater than (a'f")Akh shear- This behavior is due to 
smaller value of C44 (SOEC) in comparison to Cn affecting the wave velocity. In the case 
of the wave propagating along <1 1 1> and shear wave polarizing along<l 10>; shear wave 
attenuation (ad^)AKh shearz is greater than the longitudinal wave attenuation (ad^)AKh long- 
This is due to greater value of shear wave a non-linearity constant Ds in comparison to 
longitudinal wave a non-linearity constant Di. 

It can be understood from the Tables 3.12-3.14 that ultrasonic absorption (Akhiezer 
type or thermoelastic loss) for all the three metals has positive temperature dependence 
and maximum at 373. 2K. This positive temperature dependence of ultrasonic absorption 
is due to the fact that p-p interaction occurs at higher temperatures mainly at room 
temperatures. Since the whole computation is made starting from only nearest neighbour 
distance and hardness parameters, one may conclude that the behaviour of temperature 
dependence of ultrasonic absorption and other allied parameters in Ce, Yb and Th is 
characteristic one for the materials taken and supports our theoretical approach. 
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Table 3.1 


SOEC(Cn, Cnand C 44 )[in 10’'Dyne/cm^], densityp(g/cm'^) and ultrasonic velocities (V| 
for longitudinal wave and Vsfor shear wave)[in lO^cm/sec] of Cerium at temperature 
range 5-80K. 


Temp.[K] 

Cii 

Cl2 

C 44 

P 

v, 

Vs 

5 

2.946 

0.471 

0.485 

7.255 

2.015 

0.818 

10 

2.946 

0.471 

0.485 

7.251 

2.015 

0.818 

20 

2.947 

0.469 

0.485 

7.247 

2.016 

0.818 

30 

2.951 

0.464 

0.485 

7.243 

2.018 

0.818 

40 

2.958 

0.458 

0.485 

7.240 

2.021 

0.819 

50 

2.968 

0.451 

0.485 

7.236 

2.025 

0.819 

60 

2.979 

0.448 

0.485 

7.232 

2.030 

0.819 

70 

2.991 

0.438 

0.486 

7.228 

2.034 

0.819 

80 

3.004 

0.432 

0.486 

7.224 

2.039 

0.820 

Table 3.2 SOEC(Cii, C 

119 

iiand C 44 )[in 10 Dyne/cm ], density p(g/cm ) and ultrasonic 

velocities (Vi for longitudinal wave 

and Vsfor shear wave) [in lO^cm/sec] of Thorium at 

temperature range 5-80K. 






Temp.[K] 

Cii 

C ,2 

C 44 

P 

V, 

Vs 

5 

2.865 

0.509 

0.519 

12.600 

1.508 

0.642 

10 

2.865 

0.508 

0.519 

12.555 

1.511 

0.643 

20 

2.866 

0.505 

0.519 

12.551 

1.511 

0.643 

30 

2.873 

0.500 

0.519 

12.446 

1.519 

0.646 

40 

2.882 

0.494 

0.519 

12.441 

1.522 

0.646 

50 

2.893 

0.487 

0.519 

12.437 

1.525 

0.646 

60 

2.905 

0.481 

0.520 

12.432 

1.529 

0.646 

70 

2.918 

0.475 

0.520 

12.428 

1.532 

0.647 

80 

2.931 

0.469 

0.520 

12.422 

1.534 

0.647 
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Table 3.3 SOEC(Cn, Cuand C 44 )[in lO’^Dyne/cm^], density p(g/cm^) and ultrasonic 
velocities (Vi for longitudinal wave and Vs for shear wave)[in 10"'’ cm/sec] of Ytterbium at 
temperature range 5-80K. 


Temp.[K] 

c„ 

Ci2 

C 44 

P 

V, 

Vs 

5 

2.606 

0.361 

0.373 

8.255 

1.777 

0.672 

10 

2.606 

0.361 

0.373 

8.250 

1.777 

0.672 

20 

2.607 

0.358 

0.373 

8.242 

1.779 

0.672 

30 

2.613 

0.352 

0.373 

8.240 

1.781 

0.673 

40 

2.623 

0.346 

0.373 

8.236 

1.784 

0.673 

50 

2.631 

0.340 

0.373 

8.231 

1.788 

0.673 

60 

2.644 

0.334 

0.373 

8.224 

1.793 

0.673 

70 

2.656 

0.327 

0.373 

8.221 

1.798 

0.674 

80 

2.669 

0.321 

0.373 

8.215 

1.803 

0.674 


Table 3. 4. 

f\ 'X 

Electrical resistivity (R) [in 10‘ Q. cm], Viscosity (rie)[ in 10' g/cm s] and ultrasonic 
attenuation {(a/f^)L for longitudinal waves and (a/f^)sfor shear wave} [in 10'’*Np s^/cm] 
of Cerium at temperature range from 5-80K. 

Temperature in K 

R 

ne 

(a/f')L 

(a/f')s 

5 

20.798 

0.729 

0.319 

3.309 

10 

22.897 

0.662 

0.290 

3.004 

20 

26.344 

0.575 

0.252 

2.609 

30 

28.263 

0.536 

0.234 

2.430 

40 

30.341 

0.499 

0.217 

2.262 

50 

32.322 

0.468 

0.203 

2.121 

60 

34.028 

0.445 

0.191 

2.013 

70 

35.879 

0.421 

0.180 

1.907 

80 

37.620 

0.402 

0.171 

1.817 
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Table 3.5. Electrical resistivity (R) [in lO'^Q cm]. Viscosity (r]e)[in lO'^g/cm s] and 

ultrasonic attenuation {(a/f^)Li for longitudinal waves and (a/f“)s for shear wave} 

18 2 

[in 1 O' Np s /cm] of Thorium at temperature range from 5-80K. 


Temperature in K R 

Tie 

(a/f')L 

(a/f')s 

5 

0.622 

25.167 

15.149 

136.032 

10 

0.753 

20.731 

12.457 

111.854 

20 

0.911 

17.138 

10.286 

92.439 

30 

1.264 

12.282 

7.317 

65.952 

40 

1.825 

8.503 

5.039 

45.629 

50 

2.325 

6.674 

3.932 

35.794 

60 

2.974 

5.214 

3.053 

27.947 

70 

3.403 

4.557 

2.650 

24.407 

80 

4.044 

3.833 

2.214 

20.517 

Table 3.6. Electrical resistivity (R) [in lO'^fi cm], Viscosity (r|e)[ in lO'^g/cm s] and 

ultrasonic attenuation {(a/f )l for longitudinal waves and (a/f )s for shear wave} 

1 5? 9 

[in 10' Np s /cm] of Ytterbium at temperature range from 5-80K. 


Temperature in K R 

Oe 

(a/f)L 

(a/f^)s 

5 

3.012 

4.763 

2.675 

34.248 

10 

3.502 

4.096 

2.299 

29.440 

20 

3.657 

3.920 

2.198 

28.159 

30 

6.125 

1.667 

0.932 

11.972 

40 

8.597 

1.667 

0.927 

11.962 

50 

11.136 

1.286 

0.710 

9.224 

60 

13.738 

1.042 

0.571 

7.467 

70 

16.179 

0.884 

0.482 

6.336 

80 

18.667 

0.766 

0.414 

5.485 
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Table 3.7 SOEC and TOEC of Ce, Yb and Th at temperatures 273. 2K, 298. 2K and 

373. 2K [X10"Dyne/cm^] 


Metal Temp Cn C 12 C44 Cni Cn 2 C 123 C144 Cige C456 

.[K] 


Ce 

273.2 

3.472 

0.289 

0.485 

-63.0 

-0.89 

-0.69 

0.899 

-1.87 

0.884 


298.2 

3.511 

0.271 

0.485 

-63.2 

-0.80 

-0.83 

0.901 

- 1.88 

0.884 


373.2 

3.629 

0.218 

0.487 

-64.0 

-0.53 

-1.26 

0.905 

- 1.88 

0.884 

Yb 

273.2 

2.891 

0.200 

0.376 

-53.3 

-0.53 

-0.77 

0.702 

-1.44 

0.690 


298.2 

2.926 

0.185 

0.376 

-53.5 

-0.45 

-0.90 

0.703 

-1.44 

0.690 


373.2 

3.031 

0.152 

0.365 

-54.2 

- 0.21 

-1.30 

0.706 

-1.45 

0.690 

Th 

273.2 

3.492 

0.328 

0.521 

-62.2 

-1.09 

-0.54 

0.957 

-2.03 

0.940 


298.2 

3.530 

0.310 

0.521 

-62.4 

- 1.00 

- 0.68 

0.959 

-2.03 

0.940 


373.2 

3.647 

0.259 

0.522 

-63.2 

-0.75 

-1.08 

0.964 

-2.04 

0.940 


Table 3.8 

Thermal conductivity (K), density (p), specific heat (Cy), energy density (Eq), Debye 

average velocity ( V ), thermal relaxation time (xth) of the metals at temperatures 273. 2K, 
298.2Kand373.2K. 


Metals 

Temp 

(K) 

KXIO^ 

(J/cm s K) 

P 

(g/cm^) 

CyXlO^ 

(erg/cm^ K) 

EoXlO^ 

(erg/cm^) 

VXIO^ 

(cm/sec) 

TthXlO'" 

(sec) 

Ce 

273.2 

1.08 

7.00 

1.230 

2.783 

9.340 

3.020 


298.2 

1.13 

6.90 

1.214 

3.042 

9.412 

3.152 


373.2 

1.28 

6.81 

1.208 

3.908 

9.488 

3.531 

Yb 

273.2 

3.54 

7.05 

1.010 

2.361 

8.197 

15.650 


298.2 

3.49 

7.02 

1.009 

2.596 

8.217 

15.367 


373.2 

3.43 

6.91 

0.995 

3.299 

8.294 

15.032 

Th 

273.2 

5.40 

11.90 

1.258 

2.757 

7.416 

23.413 


298.2 

5.40 

11.70 

1.241 

3.018 

7.483 

23.310 


373.2 

5.43 

11.30 

1.203 

3.811 

7.626 

23.282 
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Table 3.9 Average Griineisen numbers <Yf'>i for longitudinal wave, average square 


Griineisen numbers <(Yf')'>i for longitudinal wave, average square Griineisen 
numbers <(Yr')^>s for shear wave, non-linearity parameters Di and Ds for 
longitudinal and shear wave [all along <100> direction], 


Metals 

Temp.(K) 

<yJ> 


<(Y.')'>s 

D, 

Ds 

Ce 

273.2 

0.485 

2.760 

0.130 

23.988 

1.172 


298.2 

0.479 

2.720 

0.130 

23.663 

1.170 


373.2 

0.462 

2.612 

0.129 

22.765 

1.165 

Yb 

273.2 

0.483 

2.890 

0.131 

25.193 

1.178 


298.2 

0.477 

2.849 

0.131 

24.850 

1.177 


373.2 

0.459 

2.734 

0.130 

23.897 

1.173 

Th 

273.2 

0.484 

2.630 

0.130 

22.795 

1.166 


298.2 

0.478 

2.592 

0.130 

22.485 

1.164 


373.2 

0.462 

2.487 

0.129 

21.627 

1.159 


Table 3.10 Average Griineisen numbers <Yr'>i for longitudinal wave, average square 
Griineisen numbers <(Yi )^>i for longitudinal wave, average square Griineisen 
numbers <(Yi'^)^>si for shear wave polarized along <00 1> direction, average 
square Griineisen numbers <(Yi’)^S 2 for shear wave polarized along <11 0> 
direction, non-linearity parameters Di for longitudinal wave, Dsi for shear wave 
polarized along <001> direction and Ds 2 for shear wave polarized along <lf0> 

direction [all along <1 10> direction]. 

Metals Temp. <y['>i <(Yr’)^>i <(y.0^>s2 D| Dsi Ds 2 


(K) 


Ce 

273.2 

-0.689 

2.571 

0.078 

4.664 

21.420 

41.971 

0.699 


298.2 

-0.677 

2.518 

0.076 

4.627 

21.025 

41.643 

0.688 


373.2 

-0.643 

2.374 

0.073 

4.531 

19.936 

40.782 

0.657 

Yb 

273.2 

-0.681 

2.690 

0.072 

4.975 

22.583 

44.770 

0.646 


298.2 

-0.668 

2.635 

0.071 

4.954 

22.163 

44.476 

0.636 


373.2 

-0.632 

2.485 

0.068 

4.854 

21.016 

43.688 

0.609 

Th 

273.2 

-0.692 

2.448 

0.084 

4.385 

20.244 

39.465 

0.756 


298.2 

-0.680 

2.396 

0.083 

4.347 

19.867 

39.126 

0.743 


373.2 

-0.647 

2.256 

0.078 

4.247 

18.825 

38.220 

0.706 
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Table 3.11 Average Griineisen numbers <Yf’>i for longitudinal wave, average square 
Griineisen numbers <(yf')^>i for longitudinal wave, average square Griineisen 
numbers <(yf')'>s for shear wave polarized along <1 10> direction, non-linearity 
parameters Di for longitudinal wave and Ds for shear wave polarized along 
<1 1 0> direction [all along <1 1 1> direction]. 


Metals 

Temp.(K) 

<y,j> 


<(y.'')^>s 

D, 

Ds 

Ce 

273.2 

-0.638 

2.004 

3.155 

16.564 

28.397 


298.2 

-0.629 

1.955 

3.131 

16.180 

28.174 


373.2 

-0.605 

1.819 

3.065 

15.108 

27.587 

Yb 

273.2 

-0.643 

2.059 

3.360 

17.080 

30.238 


298.2 

-0.634 

2.006 

3.337 

16.660 

30.035 


373.2 

-0.608 

1.861 

3.276 

15.502 

29.483 

Th 

273.2 

-0.629 

1.935 

2.970 

15.934 

26.732 


298.2 

-0.621 

1.888 

2.945 

15.572 

26.506 


373.2 

-0.598 

1.759 

2.877 

14.563 

25.897 

T able 3.12 Ultrasonic attenuation (a/f^)th , (a/f^)Akh long and (a/f^)Akh shear along <1 00> 


crystallographic direction [X 10'*^Np s^ /cm]. 


Metals 

Temp.(K) 

(a/f")th 


(oc/f )Akh.long 

(oc/f^)Akh shear 

Ce 

273.2 

0.033 


31.285 

14.634 


298.2 

0.035 


34.382 

16.539 


373.2 

0.041 


44.999 

23.465 

Yb 

273.2 

0.169 


190.814 

95.293 


298.2 

0.171 


199.135 

102.545 


373.2 

0.175 


224.027 

125.589 

Th 

273.2 

0.354 


295.164 

131.145 


298.2 

0.358 


309.539 

141.331 


373.2 

0.369 


351.529 

173.746 
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Table 3.13 Ultrasonic attenuation (a/f^)th , (a/f')Akh long (a/f")*Akh shear and (a/f")# Akh shear 
along <1 10> crystallographic direction [X 10''^Np s' /cm] 


Metals 

femp.(K) 

(a/f")th 

(ot/f )Akh long 

(oc/f )* Akh shear 

2 

(cc/f Akh shear 

Ce 

273.2 

0.066 

27.933 

8.732 

524.059 


298.2 

0.069 

30.549 

9.722 

588.443 


373.2 

0.080 

39.408 

13.227 

821.183 

Yb 

273.2 

0.337 

171.040 

52.263 

3621.937 


298.2 

0.336 

177.607 

55.396 

3873.17 


373.2 

0.335 

198.807 

65.234 

4677.538 

Th 

273.2 

0.724 

262.136 

85.058 

4438.784 


298.2 

0.724 

273.498 

90.178 

4750.278 


373.2 

0.722 

305.986 

105.925 

5731.977 


*and # polarized along <001> and <1 r0> respectively. 

Table 3.14 Ultrasonic attenuation (a/f^)*., (a/f")Akh.iong and (a/f^)Akh.shear along <1 1 1> 

crystallographic direction [X 10’' ^Np s^ /cm]. 


Metals 

Temp.(K) 

(a/f^)th 

(oc/f )Akh long 

(cx/ f ) Akh shear 

Ce 

273.2 

0.056 

21.600 

354.536 


298.2 

0.059 

23.507 

398.125 


373.2 

0.071 

29.864 

555.498 

Yb 

273.2 

0.299 

129.365 

2446.272 


298.2 

0.302 

133.501 

2615.624 


373.2 

0.306 

145.322 

3156.652 

Th 

273.2 

0.599 

206.326 

3006.717 


298.2 

0.604 

214.373 

3218.068 


373.2 

0.617 

236.720 

3883.871 


polarized along <T 10> 
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CHAPTER-4 


Effect of Thermal Conductivity on Ultrasonic 
Attenuation in Dielectric Crystals 

4.1 Introduction 

In recent years ultrasonic attenuation studies [1-8] have been stretched out all type 
materials. In the present investigation NaCl-type crystals (AgCl, LiF and MnO) have 
been chosen for a number of reasons. These are one of the most structurally perfect 
crystals and have simple cubic face centered lattice structure. # AgCl (Silver chloride) is 
useful material for deep infrared (IR) applications where sensitivity to moisture is a 
problem. This soft crystal deforms under heat and pressure and can be forged against 
polished die to create IR windows and lenses. A major use in the manufacture of small 
disposable cell windows for spectroscopy is known as ‘mini-cell’. These windows have a 
depression of controlled thickness pressed into the surface. The inherent cost of material 
is affect against ease of manufacture. # LiF (Lithium Fluoride) is the material with most 
extreme UV transmission of all and used for special UV optics. It transmits well into the 
VUV region at the hydrogen Lymen-alpha line (121nm) and beyond. It is also used for 
X-ray monochromator plates where its lattice spacing makes it the most useful analysis 
crystal. # MnO (Manganous Oxide) is an olive green powder containing black specks of 
free carbon;odorless, having bulk density-94 pounds/cu ft, melting point->2900° F and 
insoluble in water. Above 108°C, half of the oxygen disassociates to produce MnO, a flux 
which immediately reacts with silica to produce violet colours in the absence of alumina, 
browns in its presence. Manganese browns have a different, often more pleasant character 
than iron browns. In glazes below 108®C, it can give coffee colour brown when used with 
tin and dull browns in lead and low alkaline glazes. Very pleasing tan-brown reduction 
fired glazes can be achieved with 5% manganese oxide reduction. Small manganeous 
oxide particles embedded into the skin of worker can cause localized inflamatory 
reactions. Inhalations of manganous oxide fume can cause metal fume inflammatory 
reactions. Inhalation of manganeous oxide fume can cause metal fume fever, where 4 to 6 
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hours after exposure the worker experiences coughing, fever, chills and a tight feeling in 
the chest. These symptoms should subside in less than 24 hours. 

Attenuation in acoustic wave in LiF [9,27] experimentally have been studied, but 
theoretically investigations [10,11] have been made mainly at room temperature. In 
dielectric crystals, attenuation at ultrasonic frequencies arises mainly from the interaction 
between acoustic and thermal phonons. In metals, semiconductors and intermetallics; 
particularly at low temperature free electrons also play important role in attenuation of 
acoustic energy interacting with thermal phonons. 

In the preceding chapter ultrasonic attenuation has been studied in metals as a 
function of temperature, frequency and direction of propagation. In this chapter ultrasonic 
attenuation due to phonon-phonon interaction and thermoelastic loss have been studied in 
dielectric crystals Viz. AgCl, LiF and MnO in the temperature range 100-500K, 100- 
300K and 100-573K respectively, along <100>, <110> and <11 1> direction of 
propagation. Ultrasonic Griineisen parameters and non-linearity constants have also been 
evaluated in these dielectric crystals. 

4.2 Theory 

4.2.1 Theory of the second and third order elastic constants (SOEC & TOEC) 

Using electrostatic (±e^/r) and repulsive potential [12] and taking nearest neighbor 
distance and hardness parameter as input data, second and third order elastic constants 
(SOEC & TOEC) have been obtained at OK, following Brugger’s [13] definition of 
elastic constants as in Table2.2-2.3 in chapter-II. Anharmonic theory of lattice dynamics 
developed by Leibffied and Ludwig [14], Leibfried and Haln [15],Ghate [16] and finally 
Mori and Hiki [17] has been used to obtain SOEC and TOEC at different temperatures. 
Explicit expressions for elastic constants have been given in Table-2.2-2.6 in chapter-II. 

4.2.2 Ultrasonic attenuation due to p-p interaction and thermoelastic loss 

To establish the theory of ultrasonic absorption in these dielectric crystals. Akhieser 
[18] first proposed the attenuation of ultrasonic waves, which was modified by Bommel 
and Dransfeld [19] and finally by Mason[20]. In the present investigation Mason’s 
approach is used to evaluate ultrasonic absorption over frequency square (aT^)Akh long for 
longitudinal wave and (a'l^)Akh.shear for shear wave due to phonon-phonon interaction and 
(aT^)th due to thermoelastic loss using equs. (2.78), (2.79) and (2.86) in chapter-II. 
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4.3 Evaluations, Results and Discussions 

Cij and CijK at different temperatures are evaluated using Born-Mayer parameter [21] 
(AgCl=0.313 A°, LiF=0.270 A° and MnO=0.298 A°) and nearest neighbor distance [22] 
(AgCl=2.774 A°, LiF=2.014 A° and MnO=2.22A°). With the values of second and third 
order elastic constants (SOEC & TOEC) Cu and Cuk at different higher temperatures 
Griineisen parameters <y,''> and <(yi’)^> have been evaluated using Grtineisen Table[17] 
(Appendix A) along <100>, <110> and <11 1> direction of propagation for longitudinal 
and shear waves. Non-linearity parameters ‘D’ are calculated using the eqn.(2.80) in 
chapter II with the help of <y,'’> and specific heat (Cv) data and energy density 

(Eo) values taken from the literature [24]. Non-linearity parameters ‘D’ are presented in 
Tables 4.5, 4.6 and 4.7. The thermal relaxation time Tth are obtained using eqn.(2.65) with 
thermal conductivity data for AgCl [23], LiF [20,23] and MnO [23] and specific heat data 
[24] and presented in Tables 4. 1-4.3. From the values of tth, one can check that for the 
ultrasonic frequency ranges, condition coTth«l is well satisfied. Phonon viscosity loss 
(a/f^)Akh and thermoelastic loss (a/f^)that different temperatures are obtained and the 
values are shown in Tables 4.8,4.9 and 4.10. 

The best check for the validity of the present investigation will be to compare values 
of SOEC and TOEC, thermal relaxation time (xth), non-linearity coupling constants (D) 
and phonon-viscosity loss (ad^) with other similar solids. 

(i) Second and third order elastic constants 

The calculated values of SOEC and TOEC for these dielectric crystals are shown in 
Tables 4.1, 4.2 and 4.3. The evaluated values of SOEC of AgCl at 300K are Cii=53.89 
GPa, Ci 2=13.85 GPa and C44=16.34 GPa; While in the available literature [20,25,26], 
these are as Cii=60.1GPa, Ci2=36.2GPa and C44=6.25GPa. The .values of SOEC and 
TOEC of LiF are presented in Table 4.2, our calculated values of Cn, CIh and C 44 for LiF 
have good agreement with the theoretical and experimeplal values of those^yaili^le in 
the literature [17,20,25-27]. Trend of SOEC and tOtt: 01 sam§!»|Gmer 

associated dielectric crystal. 

(ii) Non-linearity coupling constants(D) 

Non-linearity parameters for these three dielectric crystals are shown in Tables 4.5, 
4.6 and 4.7 along < 100 >, < 11 0 > and < 11 1 > crystallographic directions respectively. 
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Comparison of values of Di and Ds have been made in the Table 4. 1 1 for LiF. In which 
one has made comparison of LiF especially and found very good match with available 
experimental as well as theoretical data by Handson [27] and Kor et al [28] at room 
temperature. Besides LiF two other crystals AgCl and MnO are having the same trend of 
D| and Ds as other NaCl-t5q3e crystals [8] 

(iii) Thermal relaxation time 

Clearly the values of thermal relaxation time is of the order of pico second (Table 
4.4); which is as expected. Its value is greatest at lOOK and decreases exponentially with 
temperature and one may propose the relation: Tth='Coexp(-T/>i), where tq and X being 
constants. Such type of nature is as expected. It can be seen from Table 4.4 that one may 
obtain saturation state after certain temperature which follows the proposed above 
expression and is in accordance with our expectation. It is also found to be the same order 
in other NaCl-type materials [27,28]. 

(iv) Phonon-viscosity loss 

The temperature dependence of ultrasonic attenuation due to phonon-phonon 
interactions is shown in Tables 4.8 4.10 and Figs. 4.1-4.10 for AgCl, LiF and MnO 
dielectric crystals. The thermal conductivity played very important role for the ultrasonic 
absorption. As we are seeing the relation (a/f') oc x and x thermal relaxation time is 
directly proportional to thermal conductivity of the material. In the case of AgCl first 
(a/f^) increases with temperature upto 400K and then decreases due to the values of 
thermal conductivity. The order of attenuation is the same as that of other rocksalt type 
crystals [27,28]. 

In case of LiF the results are very interesting being compared with the available 
theoretical and experimental results in the literature [27,10]. In this single crystal, the 
lattice thermal conductivity is playing very important role and affected the attenuation 
results. It can be seen with the Table 4.1 1 that at 300K our values of ultrasonic absorption 
coefficient (a) are good agreement with evaluated by Hanson [27] and experimental 
values of that given by Handson [28]. 

In case of MnO the values of attenuation for longitudinal wave along <1 1 1> direction - 
is 1.62X10'*^Np s^/cm and for shear wave along <11 1> direction polarized along <11 0> 
direction is 1.63X10'*®Np s^/cm at lOOK, while in same conditions in KCl [28] which is 
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well known dielectric crystal, these are 3.10 X10'’^Np s^/cm and 5.40 X10’'^Np s^/cm for 
longitudinal and shear wave respectively. Thus the order of attenuation of ultrasonic 
waves is the same as in rocksalt type KCl crystal [28]. The ultrasonic attenuation due to 
Akhieser loss for longitudinal and shear waves is maximum at 300K. It is obvious from 
theTable 4.4 and Tables 4.8-4.10 that the behaviour of temperature dependence of 
ultrasonic absorption coefficient in MnO is the same as the behaviour of temperature 
dependence of the lattice part of the thermal conductivity value of MnO. The attenuation 
of Ultrasonic waves is greatest at 300K(ai room temperature). This is clearly support that 
ultrasonic attenuation mainly occurs at room temperature in dielectric crystals. 

(iv) Thermoelastic loss 

The ultrasonic attenuation due to thermoelastic loss is negligible in comparison to 
loss due to phonon-phonon interaction (Akhiezer loss) and also directly affected with the 
values of total thermal conductivity values. However there are no experimental result 
available in thermoelastic loss for comparasion; but the trend is the same as other NaCl- 
type materials [8]. 

Thus behaviour of temperature dependence of ultrasonic attenuation in these 
dielectric crystals clearly supports the Mason’s approach, which is employed for the 
evaluation of ultrasonic parameters in this chapter. 


53 



Table4.1: Second and third order elastic constants (SOEC & TOEC) in 10"Dyne/cm^ 
and ultrasonic velocities (Vi for longitudinal wa\'e, Vs for shear wave and V for Debye 
average velocity in 10'^ cm/s and thermal relaxation time (tth) in 10'" sec. of AgCl in 
temperature range 100-500K 

Temp.K-^ 100 

SOEC/TOEC-l 

200 

300 

400 

500 

Cii 

5.041 

5.212 

5.389 

5.568 

5.747 

Ci2 

1.537 

1.461 

1.385 

1.309 

1.233 

C44 

1.620 

1.627 

1.634 

1.641 

1.648 

Cm 

-79.333 

-80.130 

-80.991 

-81.869 

-82.753 

Cn2 

-6.319 

-6.042 

-5.766 

-5.491 

-5.215 

Cl23 

2.219 

1.796 

1.372 

0.949 

0.525 

Cl44 

2.663 

2.683 

2.704 

2.724 

2.745 

C166 

-6.625 

-6.653 

-6.682 

-6.712 

-6.742 

C456 

2.643 

2.643 

2.643 

2.643 

2.643 

V, 

2.995 

3.076 

3.162 

3.269 

3.341 

Vs 

1.698 

1.718 

1.741 

1.775 

1.789 

V 

1.865 

1.890 

1.917 

1.956 

1.973 

"^lll 

0.1285 

0.1285 

0.098 

0.0964 

0.07902 


Table4.2: Second and third order elastic constants (SOEC & TOEC) in 10**Dyne/cm^ 
and ultrasonic velocities (Vj for longitudinal wave, Vs for shear wave and V for Debye 
average velocity in lO^cm/s and thermal relaxation time (tth) in 10'’ 'sec. of LiF in 
temperature range 100-300K 


Temp.K-> 100 200 300 

SDECTTOEm 


Cii 

9.575 

9.639 

9.798 

C,2 

6.301 

6.218 

6.112 

C44 

6.482 

6.491 

6.508 

Cm 

-128.178 

-128.008 

-128.260 

C 112 

-25.684 

-25.535 

-25.261 

C 123 

9.062 

8.660 

8.226 

Ci44 

9.587 

9.625 

9.676 

C 166 

-26.346 

-26.362 

-26.407 

C 456 

9.512 

9.512 

9.512 

V, 

5.901 

5.974 

6.091 

Vs 

4.855 

4.902 

4.964 

V 

5.054 

5.106 

5.178 

tth 

1.663 

0.1922 

0.0985 
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Table4.3: Second and third order elastic constants (SOEC & TOEC) in 10*'Dyne/cm^ 


and ultrasonic velocities (Vi for longitudinal wave, Vs for shear wave and V for Debye 
average velocity in lO^cm/s and thermal relaxation time (tth) in 10'' ’sec. of MnO in 
temperature range 100-3Q0K 


Temp.K— >• 

SOEC/TOECf 

100 

200 

300 

400 

500 

573 

Cu 

7.848 

7.989 

8.186 

8.402 

8.626 

8.792 

Cl2 

4.120 

4.027 

3.931 

3.835 

3.739 

3.669 

C 44 

4.241 

4.253 

4.268 

4.283 

4.300 

4.312 

Cui 

-111.246 

-111.246 

-111.907 

-112.719 

-113.599 

-114.265 

C 112 

-16.939 

-16.680 

-16.393 

-16.107 

-15.822 

-15.615 

Ci23 

5.994 

5.570 

5.146 

4.723 

4.299 

3.991 

Ci44 

6.459 

6.498 

6.539 

6.580 

6.621 

6.651 

C 166 

-17.345 

-17.380 

-17.731 

-17.487 

-17.546 

-17.590 

C 456 

6.415 

6.415 

6.415 

6.415 

6.415 

6.415 

V, 

3.813 

3.853 

3.912 

3.966 

4.046 

4.091 

Vs 

2.803 

2.811 

2.823 

2.832 

2.857 

2.865 

V 

2.982 

2.995 

3.013 

3.028 

3.059 

3.072 

T:th 

0.7614 

0.216 

0.1778 

0.1198 

0.08936 

0.06199 


Table 4.4: Density(p) in g/cc, thermal conductivity (K) in lO^erg/cm s K, specific heat 
(Cv) in lO^erg/cc K and internal energy (Eo) in lO^erg/cc of the materials in their 
temperature range. 


Material 

Temp.in K 

P 

K 

Cv 

Eo 

AgCl 

100 

5.62 

1.615 

8.795 

5.483 


200 

5.51 

1.453 

9.501 

14.661 


300 

5.39 

1.150 

9.581 

24.206 


400 

5.21 

1.150 

9.352 

32.852 


500 

5.16 

0.950 

9.262 

41.626 

LiF 

100 

2.750 

65.00 

4.590 

16.000 


200 

2.641 

26.00 

15.570 

18.170 


300 

2.605 

16.00 

18.170 

24.740 

MnO 

100 

5.399 

21.540 

9.540 

3.310 


200 

5.381 

10.050 

15.540 

16.020 


300 

5.353 

9.230 

17.150 

32.321 


400 

5.340 

6.540 

17.840 

48.741 


500 

5.268 

5.000 

17.940 

67.703 


573 

5.254 

3.500 

18.010 

80.534 


Table 4.5: Average Griineisen parameters (<Yr’>)i longitudinal wave, average of square of^ 
Griineisen parameters <(Yf’)V,,for longitudinal wave average of square of Griineisen 
parameters <(Yf’y>s for shear wave and non linearity parameters (Di for longitudinal wave 
and Ds for shear wave) along <100> direction of the materials in their temperature range. 
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Material 

Temp. in K 

<yi'>i 

<(y.')->i 

<(yf’)'>s 

D, 

Ds 

AgCl 

100 

0.523 

2.037 

.0.145 

17.017 

1.309 


200 

0.504 

1.912 

0.143 

16.219 

1.294 


300 

0.486 

1.801 

0.141 

15.371 

1.285 


400 

0.470 

1.705 

0.138 

14.586 

1.245 


500 

0.455 

1.619 

0.136 

13.883 

1.228 

LiF 

100 

0.603 

2.139 

0.352 

15.246 

3.165 


200 

0.589 

2.029 

0.337 

15.508 

3.027 


300 

0.567 

1.868 

0.313 

14.685 

2.814 

MnO 

100 

0.557 

1.900 

0.218 

14.423 

1.959 


200 

0.539 

1.787 

0.210 

14.388 

1.890 


300 

0.520 

1.670 

0.202 

13.739 

1.816 


400 

0.502 

1.566 

0.194 

12.983 

1.750 


500 

0.486 

1.475 

0.188 

12.334 

1.692 


573 

0.475 

1.415 

0.184 

11.872 

1.654 


Table 4.6: Average Griineisen parameters (<yf*>)i for longtudinal wave average of square 
of Griineisen parameters <(yf')^>i, average of square of Griineisen parameters [<(yr’)^>si 
(for shear wave polarized along <00 1> direction) and <(yi’)^>S 2 (for shear wave polarized 

along <1 10> direction] and non linearity parameters (Di for longitudinal wave, Dsi for 
shear wave polarized along <00 1> direction and Ds 2 for shear wave polarized along 

<1 1 0> direction) along <1 10> direction of the materials in their temperature range. 

Material Temp.in_K <(yJ)^i <(y.'')'>si <(y.0'>s2 D, Dsi Ds2 


AgCl 

100 

-0.827 

2.411 

0.646 

2.894 

18.407 

5.811 

26.043 


200 

-0.785 

2.163 

0.530 

2.760 

17.076 

4.767 

24.842 


300 

-0.746 

1.954 

0.444 

2.638 

15.605 

3.997 

23.741 


400 

-0.711 

1.778 

0.380 

2.527 

14.274 

3.421 

22.745 


500 

-0.679 

1.628 

0.331 

2.427 

13.114 

2.980 

21.844 

LiF 

100 

-1.168 

7.049 

2.435 

1.741 

48.405 

48.405 

15.673 


200 

-1.129 

6.458 

2.665 

1.715 

48.032 

48.032 

15.432 


300 

-1.068 

5.599 

3.152 

1.670 

42.846 

42.846 

15.290 

MnO 

100 

-0.983 

3.932 

43.089 

2.118 

27.026 

3.878 

19.060 


200 

-0.939 

3.511 

136.30 

2.051 

26.463 

12.267 

18.460 


300 

-0.892 

3.093 

140.00 

1.9772 

24.031 

12.60 

17.787 


400 

-0.848 

2.734 

147.68 

1.904 

21.440 

13.29 

17.137 


500 

-0.808 

2.435 

35.219 

1.836 

19.318 

3.16 

16.528 ' 


573 

-0.782 

2.248 

18.738 

1.790 

17.880 

1.68 

16.110 
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Table 4.7: Average Grtineisen parameters (<Yi^>)i for longitudinal wave, average of 
square of Griineisen parameters <(Yi')^>i, for longitudinal wave, average of square of 
Grtineisen parameters <(y,'^)^>s (shear wave polarized along <110>) and non linearity 
parameters (Di for longitudinal wave and Ds for shear wave polarized along < 1 1 0>) 


along <1 1 1> direction of the materials in their temperature range. 


Material 

Temp. in K 

<Yf’>i 

<(Y.-')'> 

i <(Yf')^>s 

D, 

Ds 

AgCl 

100 

-0.631 

1.898 

1.950 

15.163 

17.552 


200 

-0.603 

1.732 

1.861 

14.169 

16.753 


300 

-0.578 

1.587 

1.781 

13.097 

16.026 


400 

-0.555 

1.463 

1.708 

12.113 

15.372 


500 

-0.534 

1.354 

1.643 

11.239 

14.784 

LiF 

100 

-0.686 

2.691 

1.189 

19.032 

10.703 


200 

-0.601 

2.540 

1.168 

19.322 

10.514 


300 

-0.641 

2.319 

1.134 

18.157 

10.203 

MnO 

100 

-0.647 

2.185 

1.428 

16.051 

12.850 


200 

-0.624 

2.023 

1.381 

15.940 

12.427 


300 

-0.598 

1.855 

1.329 

14.991 

11.958 


400 

-0.574 

1.706 

1.279 

13.904 

11.511 


500 

-0.553 

1.575 

1.233 

12.966 

11.097 


573 

-0.538 

1.491 

1.202 

12.304 

10.816 

Table 4.8: 

Ultrasonic 

attenuation due to 

p-p interaction ((a/f^)Akh long 

for longitudinal 

wave and (a/f^)Akh shear 

for shear wave) and thermoelastic loss ((a/f^)th)of the materials in 

1 0 9 

their temperature range:(in 10' Np s /cm) along <100> direction 


Material 

Temp. in K 

(a/f")th 


(oc/f^)Akh long 

2 

(cx/f )Akh shear 

AgCl 

100 

0.0059 


1.1743 

0.2478 



200 

0.0087 


2.2868 

0.5197 



300 

0.0086 


2.5675 

0.6326 



400 

0.0093 


3.0465 

0.8128 



500 

0.0079 


2.8540 

0.8220 


LiF 

100 

0.02165 


0.6733 

0.1254 



200 

0.01582 


0.7328 

0.1274 



300 

0.01256 


0.7198 

0.1274 


MnO 

100 

0.0276 


1.4586 

0.2494 



200 

0.0230 


1.9425 

0.3286 



300 

0.0275 


2.9605 

0.5199 



400 

0.0227 


2.7292 

0.5053 



500 

0.0186 


2.5654 

0.4999 



573 

0.0135 


1.971 

0.3999 

' 
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Table 4.9: Ultrasonic attenuation due to p-p interaction ((a/f^)Akhiong for longitudinal 
wave, (a/f^)Akh sheari for shear wave polarized along <00 1> direction and (a/f^)Akh shear! for 


shear wave polarized along <1 10)and thermoelastic loss ((a/f^)th) of the materials in their 
temperature range:(in lO'^^Np s^/cm) along <11 0> direction 


Material 

Temp. in K 

(a/f^)th 

(oc/f )Akh.long 

(a/f')Akh 

sheari (oc/f )Akh shear2 

AgCl 

100 

0.0147 

1.2703 

1.1006 

4.9320 


200 

0.0212 

2.4077 

1.9273 

10.0420 


300 

0.0282 

2.6067 

1.9999 

11.8800 


400 

0..0215 

2.9813 

2.2335 

14.8500 


500 

0.0184 

2.6960 

1.9957 

14.6290 

LiF 

100 

0.0811 

2.1377 

0.6214 

0.8690 


200 

0.0581 

2.2697 

0.6598 

1.0255 


300 

0.0445 

2.1004 

0.6805 

1.2845 

MnO 

100 

0.0862 

2.7332 

2.42656 

49.3701 


200 

0.0698 

3.5729 

3.2092 

213.2462 


300 

0.0810 

5.1785 

5.0920 

360.6929 


400 

0.0646 

4.5079 

4.9487 

383.8100 


500 

0.0514 

4.0180 

4.8842 

93.6600 


573 

0.0367 

2.9691 

3.8944 

40.7680 


Table 4.10: Ultrasonic attenuation due to p-p interaction ((a/f^)Akh!ong for longitudinal 
wave and (a/f^)Akh.shear for shear wave polarized along <110)and thermoelastic loss 
((a/f^)th) of the materials in their temperature range:(in 10‘'*Np s^/cm) along <11 1> 
direction 


Material 

Temp. in K 

(a/f')th 

(cc/f )A]ch lon^ 

2 

(oc/f )Akh shear 

AgCl 

100 

0.0085 

1.0464 

3.3242 


200 

0.0126 

1.9978 

6.7726 


300 

0.0122 

2.1878 

6.7726 


400 

0.0131 

2.5299 

10.0364 


500 

0.0137 

2.3104 

9.9011 

LiF 

100 

0.0280 

0.8405 

0.4244 


200 

0.0204 

0.9130 

0.4500 


300 

0.0161 

0.8901 

0.4620 

MnO 

100 

0.0373 

1.6233 

1.6359 


200 

0.0308 

2.1520 

2.1603 


300 

0.0364 

3.2303 

3.4232 


400 

0.0296 

2.9229 

3.3240 


500 

0.0241 

2.7524 

2.9936 


573 

0.0173 

2.0431 

2.6147 
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Table 4.11: Comparison data for LiF at room temperature and 900MHz frequency. 


Prop direction 

Polrization 

a(exp.)[27] 

in dB/psec 

a(theo.) 

dB/psec 

in D(exp.) 

[27] 

D(theo.) 

Present case 

D(theo.) 

Hanson[27] 

<100> 

Long. 

3.5 

3.1 

38.0 

15.0 

35.0 

<100> 

shear 

0.8 

0.5 

4.50 

3.0 

3.0 

<11 0> 

Long. 

1.3 

8.8 

17.0 

42.0 

28.0 

<11 0> 

Shear <00 1> 

0.8 

2.4 

4.5 

28.0 

3.0 

<11 0> 

Shear <11 0> 

10.0 

4.5 

35.0 

15.0 

9.0 

<111> 

Long. 

0.8 

3.8 

11.0 

18.0 

27. 

<111> 

Shear < 1 1 0> 

5.0 

1.8 

10.0 

10.0 

7.0 
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Fig.4.1 (a/f^)th vs, temperature along <100> direction 
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Fig. 4, 2 (a/f^)Ai<h long vs. temperature along <100> direction 
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Fig.4.3 (a/f^)Akh shear- vs. temperature along <100> direction 
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Fig.4.4 (a/f^)th. vs. temperature along <11 0> direction 





0 100 200 300 400 500 600 


Temperature [ K] 

Fig.4.6 (a/f^)Akh shearVS. temperature along <11 0> direction polarized along<001> 

direction 
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Fig.4.7 (cx/f^)AkhshearVS. temperature along <110> direction polarized along<lT0> 
. direction 
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Fig.4.8 (a/f^)th vs. temperature along <1 1 1 > direction 
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Fig.4.9 (a/f\ng vs. temperature along <1 1 1> direction 
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Fig.4.10 (a/f^)shear vs. temperature along <1 11> direction 
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CHAPTER-5 

Ultrasonic Attenuation in Semiconductors 

5.1 Introduction 

A phonon-phonon interaction mechanism firstly proposed by AkJiiezer [1], subsequently 
by Bommel and Dransfeld [2] and Woodruff and Ehrenreich [3] and finally by Mason [4] to 
explain observed frequency and temperature dependence of ultrasonic attenuation in quartz, 
has been applied to losses in semiconductors [4], Recently acoustic attenuation studies [5-11] 
has been made theoretically and experimentally in solids and liquids in different ways. In the 
preceding chapters, studies of ultrasonic attenuation have been done in metallic and dielectric 
crystals. Between the insulating and conducting crystals, the study of semiconducting crystal 
is also of great importance. In semiconducting crystal Ge and Si have been studied for elastic 
and inelastic properties and some other properties found unique. These crystals are available 
in pure form and are categorized by the low loss of ultrasound wave indicating their utility in 
microwave delay lines [12-14]. Several measurements [15-18] and calculations have been 
made for Ge and Si in previous years. Recently an attempt has been made in evaluating the 
parameter of normal valence semiconductors lead chalcogenides [19-20]. The sound wave 
modulates the equilibrium, thermal phonons distribution tends to relax back to equilibrium 
via phonon-phonon scattering mechanism. The relaxation process absorbs energy from sound 
wave tmd manifest as ultrasonic attenuation. The strength of coupling of thermal phonon 
modes is given by second- and third- order elastic constants, which is measure of the lattice 
anharmonicity. 

In the present work nine semiconducting single crystals SnTe, EuSe, CdO, SmS, NpS, 
NpSe, PuS, PuSe and PuTe have been selected for the study of acoustical properties at the 
temperature range 100-300K along <100>, <110> and <11 1> directions. It is well known 
that above selected semoconductors are having well-developed NaCl-type structure 
[21,22,30,31]. In this investigation some microstructural characteristics features well 
connected to ultrasonic parameters are discussed in SnTe, EuSe, CdO, SmS, NpS, NpSe, 
PuS, PuSe and PuTe. For the analysis SOEC and TOEC, ultrasonic velocities, Griineisen 
parameter and ultrasonic absorption coefficient at the temperature range 100-300K are 
evaluated. 
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5.2 Theory 

Theory is categorized into two phases, primary phase, temperature dependence of SOEC 
and TOEC has been discussed, while in the secondary phase the attenuation of ultrasound 
due to the phonon-viscosity mechanism i.e. Akhiezer mechanism and thermoelastic loss have 
been discussed. 

5.2.1 Theory of second and third order elastic constants 

Using Coulomb and Bom-Mayer [23] potential (j)(ro) = Aexp.(-ro/b), where ro is nearest 
neighbor distance and b-Bom-Mayer parameter; and taking interaction effective to the 
second neighbor distance, SOEC and TOEC at absolute zero have been obtained following 
Brugger’s definition [24] of elastic constants (Table 2.2 in chapter II). According to the 
anharmonic theory of lattice dynamics developed by Leibfried [25] and Mori [26]; lattice 
energy of the crystal changes with temperature, hence adding vibrational energy contribution 
to the elastic constants at absolute zero, one get SOEC and TOEC at desired temperatures; 

c =c° +C''* rs D 

'-"UK ^IJK ... 

Where superscript 0 and Vib have used to denote SOEC and TOEC at 0°K and vibrational 
contribution respectively. Expressions for Cjjji^ and CijK....have been given in Tables 2.2- 
2.6 in chapter II. 

5.2.2 Ultrasonic attenuation due to phonon-viscosity mechanism and thermoelastic loss: 

Ultrasonic attenuation due to phonon-viscosity mechanism [4] is given as 

a = (5.2) 

3pV + 

above expression in Akhiezer regime (©Xth«l) [1] reduces to equs. (2.78) and (2.79) in 
chapter II for longitudinal and shear waves respectively. Ultrasonic attenuation due to 
thermoelastic loss has been calculated using equ. (2.86) in chapter II. 

5.3 Evaluations, results and discussions 

Taking nearest neighbor distance [21,22,30,31] ro=3.157 A®, 3.095 A*', 2.347 A°, 2.985 
A°, 2.780 A°, 2.921 A°, 2.801 A°, 2.910 A° and 3.100A° for SnTe, EuSe, CdO, SmS, NpS, 
NpSe, PuS, PuSe and PuTe respectively and hardness parameter [27] b=0.315 A°, 0.303 A°, 
0.311 A°, 0.302 A°, 0.303 A°, 0.313 A°, 0.311 A°, 0.292 A°, 0.298 A° and 0.302 A° for SnTe, 
EuSe, CdO, SmS, NpS, NpSe, PuS, PuSe and PuTe respectively; the second and third order 
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elastic constants (SOEC & TOEC) have been evaluated at temperature range 100-300K using 
expressions as given in Tables 2.2-2. 6 in chapter II. SOEC and TOEC have been used to 
evaluate Griineisen parameters along <100> direction for longitudinal wave over 39 pure 
modes & for shear wave over 18 modes; along <1 10> direction for longitudinal wave over 39 
pure modes, for shear wave polarized along <00 1> over 14 modes & for shear wave 
polarized along <1 10> over 20 modes and along <1 1 1> direction for longitudinal wave over 
39 pure modes, for shear wave polarized along <11 0> over 18 modes using Mason’s 
Griineisen Tables [4,28] (Appendix-A). The specific heat per unit volume (Cv) and crystal 
energy density (Eq) have been taken firom the literature [29] as a function of (Oq/T) at 
different temperatures. Non-linearity parameters (Di and Ds) have been evaluated taking 
thermal conductivity and electrical resistivity [22,29,30,31] with the help of equ. (2.80) in 
chapter II. For the evaluation of thermal conductivity in NpS, NpSe, PuS, PuSe and PuTe; we 
have used the Wiedemann-Franz law. According to Wiedemann-Franz law, the ratio of 
thermal conductivity (K) to the electrical conductivity (a) at any particular temperature is 


K f Ic 

constanti.e . — = LoT, where Lo is the Lorentz number (Lq = 

a 3 I e 


) where k is 


Boltzman constant and e is the electronic charge and a = 1/R where R is the electrical 
resistivity. Ultrasonic attenuation due to Akhiezer loss (phonon-phonon interaction) have 
been evaluated using eqn.(5.2) and ultrasonic attenuation due to therraoelastic loss has been 
evaluated using eqn.(2.86) of chapter II. All the results have been evaluated by using our 
computer programme in C++ language. 

It is obvious from the Tables 5. 1-5.3 that the values of second and third order elastic 
constants are in agreement with that of NaCl and KCl [32-34]. It can be seen firom the Tables 
5. 4-5. 6 that the value of thermal relaxation time (tth) is of order of pico second in all 
semiconductors besides SnTe. The order of tth is of the order lO'^sec. in SnTe. The 
behaviour of thermal relaxation time is much appreciable in CdO and SmS. The value of tth 
is decreasing with temperature in CdO and SmS, which is expected in metals [35]. One may 
give an expression for the temperature variation of thermal relaxation time as follows: 

tth =toexp(-TA) 
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Where tq and X are constants and T is the absolute temperature, Behaviour of relaxation 
time for SnTe, EuSe, NpS, NpSe, PuS, PuSe and PuTe is as for intermetallics [36]. 

The variation of ‘D’ with temperature is shown in Tables 5.7-5.12. Non-linearity constant 
ratio Di/Ds along <100> direction lies between 8-16, D|/Dsi along <1 10> direction and shear 
wave polarized along <00 1> is about 10-11 and Ds 2 /Di along <11 0> direction and shear 
wave polarized along <1 10> is about 1-1.5 and Ds 2 /Di along <1 1 1> direction and shear wave 

polarized along <1 10> is about 1-1.5 which are comparable \vith that in experimental value 
of NaCl-type LiF [37]. 

In the present investigation it is pointed out that the attenuation varies with temperature T 
in the following manner; 

Where ao and n are constants. It is obvious from the Tables 5.13-5.18 and Figs. 5.1-5.10 
that the value of ultrasonic attenuation due to phonon-phonon interaction ((a/f^)i for 
longitudinal wave and (a/f^)s for shear wave) and due to thermoelasic loss (a/f^)th increases 
with temperature in all chosen semiconductors. The value of ultrasonic attenuation (a/f^)i is 
greater than the (a/f^)s along <100>direction and along <11 0> direction (shear wave 
polarized along <001> direction). While (a/f^)i is less than the (a/f^)s along <110>direction 
(shear wave polarized along <11 0> direction) and along <11 1> direction (shear wave 
polarized along <110> direction), which has been observed experimentally in 
semiconductors [38]. 

Contribution of (a/f^)th to total value of (o/f^) at any temperature is intermediate to that of 
conducting and non conducting materials. This is due to fact that the thermal conduction and 
thermal expansion coefficient of semiconductors is intermediate between two. 

Drastic increase in attenuation in attenuation in PuTe at around room temperature is 
remained to explain. 

The ultrasonic attenuation due to thermoelastic loss is negligible in comparison to the 
ultrasonic attenuation due to Akhiezer loss for all semiconducting single crystals in the 
temperature range 1 00-300K studied along <100>, <1 10> and <1 1 1> directions. 

Thus as concluding remark it can be said that these semiconducting crystal possess 
peculiar behaviour towards the attenuation due to thermoelastic mechanism is negligible in 
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comparison to the ultrasonic attenuation. The behaviour of temperature dependence of 
ultrasonic attenuation shows important microstructural features for these semiconducting 
materials applicable for material producing and processing industries. 
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Table 5.1 Calculated second and third order elastic constants (SOEC & TOEC) in 
10''Dyne/cm^ of the semiconductors at the temperature range 100-300K 


Semicon 

ductors 

Temp. 

[K] 

Cn 

Ci 2 

C44 

Cm C 112 

Cl 23 

Cl 44 

C166 

C456 

SnTe 

100 

3.879 

0.849 

0.921 

-65.37 -3.417 

1.138 

1.588 

-3.714 

1.575 


200 

4.032 

0.781 

0.925 

-66.19 -3.138 

0.701 

1.600 

-3.731 

1.575 


300 

4.189 

0.713 

0.928 

-67.03 -2.858 

0.263 

1.613 

-3.749 

1.575 

EuSe 

100 

4.351 

0.911 

0.990 

-74.19 -3.647 

1.211 

1.718 

-3.980 

1.706 


200 

4.520 

0.835 

0.994 

-75.10 -3.332 

0.716 

1.731 

-3.998 

1.706 


300 

4.692 

0.760 

0.998 

-76.04 -3.017 

0.222 

1.744 

-4.016 

1.706 

CdO 

100 

6.581 

3.278 

3.378 

-95.00 -13.49 

4.767 

5.193 

-13.80 

5.158 


200 

6.773 

3.188 

3.387 

-95.74 -13.23 

4.377 

5.228 

-13.85 

5.158 


300 

6.977 

3.102 

3.401 

-96.58 12.97 

3.987 

5.263 

-13.91 

5.158 


Table 5.2 Calculated second and third order elastic constants (SOEC & TOEC) in 
10 ''D 5 me/cm^ of the semiconductors at the temperature range 100-300K 


Semicon 

ductors 

Temp. 

[K] 

C,i 

C 12 

C 44 

Cm Cn 2 

Cl23 

Ci44 

C 166 

C 456 

SmS 

100 

4.811 

1.074 

1.160 

-79.98 -4.329 

1.477 

1.987 

-4.693 

1.971 


200 

4.943 

0.998 

1.163 

-80.44 -4.029 

0.983 

2.001 

-4.708 

1.971 


300 

5.106 

0.919 

1.168 

-81.22 -3.714 

0.489 

2.016 

-4.727 

1.971 

NpS 

100 

5.483 

1.495 

1.586 

-87.44 -6.112 

2.145 

2.641 

-6.476 

2.620 


200 

5.622 

1.415 

1.592 

-87.88 -5.820 

1.671 

2.660 

-6.496 

2.620 


300 

5.794 

1.332 

1.598 

-88.65 -5.512 

1.196 

2.679 

-6.521 

2.620 

NpSe 

100 

4.626 

1.215 

1.294 

-74.69 -4.959 

1.719 

2.170 

-5.271 

2.153 


200 

4.772 

1.141 

1.299 

-75.29 -4.681 

1.285 

2.186 

-5.291 

2.153 


300 

4.935 

1.068 

1.304 

-76.08 -4.401 

0.852 

2.203 

-5.314 

2.153 
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Table 5.3 Calculated second and third order elastic constants (SOEC 8c TOEC) in 
10’'Dyne/cm^ of the semiconductors at the temperature range 100-300K 


Sem.con jemp. Cn Ci2 C 44 Cm C 112 Ci23 Ci44 C,66 C 456 

ductors 

[K] 


PuS 

100 

5.841 

1.417 

1.515 

-96.52 

-5.749 

2.005 

2.565 

-6.156 

2.546 


200 

6.029 

1.327 

1.518 

-96.86 

-5.402 

1.453 

2.583 

-5.402 

2.546 


300 

6.171 

1.242 

1.525 

-96.85 

-5.074 

0.925 

2.602 

-6.198 

2.546 

PuSe 

100 

5.145 

1.201 

1.289 

-85.28 

-4.860 

1.671 

2.199 

-5.221 

2.182 


200 

5.306 

1.119 

1.293 

-85.98 

-4.536 

1.159 

2.215 

-5.240 

2.182 


300 

5.486 

1.037 

1.298 

-86.88 

-4.207 

0.647 

2.231 

-5.262 

2.182 

PuTe 

100 

4.178 

0.916 

0.992 

-70.21 

-3.688 

0.992 

1.707 

-4.003 

1.695 


200 

4.326 

0.844 

0.995 

-70.92 

-3.396 

0.995 

1.721 

-4.019 

1.695 


300 

4.746 

0.748 

0.988 

-77.23 

-2.956 

0.177 

1.733 

-3.974 

1.695 


Table 5.4 Thermal conductivity (K) in lO^erg/cm s, density (p) in g/cc, specific heat per unit 
volume (Cv) in lO^erg/cc K, energy density (Eo) in lO^erg/cc, ultrasonic velocities Vi in 10^ 
cm/s for longitudinal wave and Vs in 10^ cm/s for shear wave , Debye average velocity ( V ) 
in 10^ cm/s and thermal relaxation time (Tth)in 10'^ 'sec of the semiconductors in the 
temperature range 100-300K. 


Semiconducto Xemp 
rs 

[K] 

K 

P 

Cv 

Eo 

V, 

Vs 

V 

'T^th 

SnTe 

100 

5.321 

6.700 

6.257 

0.410 

2.406 

1.172 

1.302 

1.500 


200 

5.421 

6.615 

6.573 

1.048 

2.469 

1.182 

1.314 

1.428 


300 

6.511 

6.504 

6.551 

1.686 

2.538 

1.195 

1.329 

1.686 

EuSe 

100 

0.213 

6.589 

6.483 

0.411 

2.570 

1.226 

1.362 

0.052 


200 

0.211 

6.501 

6.870 

1.077 

2.637 

1.236 

1.375 

0.053 


300 

0.244 

6.466 

6.915 

1.761 

2.694 

1.242 

1.383 

0.055 

CdO 

100 

0.675 

8.389 

11.390 

0.506 

2.801 

2.006 

2.144 

0.039 ^ 


200 

0.689 

8.348 

14.800 

1.872 

2.847 

2.014 

2.157 

0.030 


300 

0.700 

8.243 

15.370 

3.358 

2.909 

2.031 

2.179 

0.029 
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Table 5.5 Thermal conductivity (K) in lO^erg/cm s, density (p) in g/cc, specific heat per unit 
volume (Cv) in lO^erg/cc K, energy density (Eq) in lO^erg/cc, ultrasonic velocities Vi in 10^ 

cm/s for longitudinal wave and Vs in 10^ cm/s for shear wave , Debye average velocity ( V ) 
in 10^ cm/s and thermal relaxation time (Tth)in 10’’ 'sec of the semiconductors in the 
temperature range 10Q-300K. 


Semiconducto 

rs 

Temp. 

[K] 

K 

P 

Cv 

Eo 

V, 

Vs 

V 

Vh 

SmS 

100 

4.116 

5.752 

6.856 

0.396 

2.892 

1.420 

1.576 

0.725 


200 

3.402 

5.721 

7.571 

1.125 

2.939 

1.426 

1.583 

0.538 


300 

3.360 

5.695 

7.681 

1.879 

2.994 

1.432 

1.591 

0.518 

NpS 

100 

0.142 

10.538 

8.651 

0.514 

2.281 

1.227 

1.354 

0.027 


200 

0.302 

10.478 

9.436 

1.425 

2.316 

1.233 

1.361 

0.052 


300 

0.490 

10.398 

9.546 

2.373 

2.361 

1.240 

1.370 

0.082 

NpSe 

100 

0.197 

10.678 

7.664 

0.527 

2.081 

1.101 

1.216 

0.052 


200 

0.446 

10.629 

8.194 

1.435 

2.119 

1.105 

1.222 

0.109 


300 

0.774 

10.537 

8.249 

2.106 

2.164 

1.112 

1.231 

0.186 


Table 5.6 Thermal conductivity (K) in lO^erg/cm s, density (p) in g/cc, specific heat per unit 
volume (Cv) in lO^erg/cc K, energy density (Eo) in lO^erg/cc, ultrasonic velocities V| in 10^ 

cm/s for longitudinal wave and Vs in 10^ cm/s for shear wave , Debye average velocity ( V ) 
in 10^ cm/s and thermal relaxation time (xth)in 10' "sec of the semiconductors in the 
temperature range 100-300K. 


Semiconducto 

rs 

Temp. 

[K] 

K 

P 

Cv 

Eo 

V, 

Vs 

V 


PuS 

100 

0.057 

10.637 

8.642 

0.527 

2.343 

1.194 

1.322 

0.011 


200 

0.129 

10.602 

9.388 

1.435 

2.385 

1.197 

1.326 

0.024 


300 

0.272 

10.440 

9.340 

2.360 

2.431 

1.209 

1.340 

0.049 

PuSe 

100 

0.105 

10.027 

7.744 

0.498 

2.160 

1.081 

1.199 

0.028 


200 

0.244 

10.992 

8.291 

1.308 

2.197 

1.085 

1.204 

0.061 


300 

0.565 

10.880 

8.348 

2.127 

2.246 

1.092 

1.213 

0.138 

PuTe 

100 

2.453 

10.575 

7.116 

0.470 

1.988 

0.968 

1.075 

0.089 


200 

3.063 

10.428 

8.093 

1.144 

2.037 

0.977 

1.086 

0.096 


300 

1.470 

10.355 

6.929 

1.815 

2.141 

0.977 

1.088 

0.537 
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Table 5.7 Average ultrasonic Griineisen parameters <y->i for longitudinal wave, average 

square ultrasonic Griineisen parameters (<( yj f>] for longitudinal wave , <( yj )^>s for shear 
wave), non-linear parameters Di for longitudinal wave and Ds for shear wave along <100> 


direction of the semiconductors at the temperature range 100-300K.] 


Semiconductor Temp.(K) < 


<(y^)S 

D, 

Ds 

SnTe 

100 

0.520 

2.309 

0.134 

19.544 

1.202 


200 

0.498 

2.163 

0.132 

18.534 

1.188 


300 

0.479 

2.034 

0.130 

17.504 

1.170 

EuSe 

100 

0.521 

2.367 

0.133 

20.019 

1.197 


200 

0.500 

2.220 

0.131 

19.023 

1.179 


300 

0.481 

2.093 

0.130 

18.019 

1.170 

CdO 

100 

0.526 

1.809 

0.176 

14.415 

1.587 


200 

0.533 

1.785 

0.195 

14.720 

1.755 


300 

0.513 

1.663 

0.188 

13.883 

1.692 

SmS 

100 

0.638 

1.927 

2.274 

2.274 

1.197 


200 

0.613 

1.773 

2.188 

18.124 

1.188 


300 

0.587 

1.659 

2.102 

17.241 

1.179 


Table 5.8 Average ultrasonic Griineisen parameters <y->i for longitudinal wave , average 

square ultrasonic Griineisen parameters (<(y-f>i for longitudinal wave , <(Yj)^>s for shear 
wave), non-linear parameters Di for longitudinal wave and Ds for shear wave along <100> 


direction of the semiconductors at the temperature range 1Q0-3Q0K.] 


Semiconductor Temp.(K) < 

Yi -^i 

<(y^'>i 

<(yj)S 

D, 

Ds 

NpS 

100 

0.516 

2.073 

0.140 

17.306 

1.257 


200 

0.500 

1.966 

0.138 

16.698 

1.242 


300 

0.484 

1.861 

0.136 

15.901 

1.224 

NpSe 

100 

0.518 

2.122 

0.138 

17.843 

1.245 


200 

0.500 

1.999 

0.137 

17.037 

1.229 


300 

0.482 

1.886 

0.135 

15.155 

1.215 

PuS 

100 

0.516 

2.173 

0.136 

18.249 

1.220 


200 

0.500 

2.072 

0.134 

17.671 

1.206 


300 

0.483 

1.957 

0.133 

16.782 

1.197 

PuSe 

100 

0.518 

2.233 

0.135 

19.435 

1.201 


200 

0.500 

2.108 

0.133 

18.845 

1.212 


300 

0.482 

1.993 

0.132 

18.021 

1.199 

PuTe 

100 

0.518 

2.295 

0.133 

18.355 

1.187 


200 

0.498 

2.157 

0.132 

17.116 

1.188 


300 

0.480 

2.113 

0.130 

18.225 

1.161 
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Table 5.9 Average ultrasonic Grtineisen parameters <yj>i for longitudinal wave, average 

square ultrasonic Grtineisen parameters (<(Yj )^>i for longitudinal wave , <(yj')^>si for shear 

wave polarized along <00 1> direction, <(yj)^>s 2 for shear wave polarized along <11 0> 
direction), non-linear parameters Di for longitudinal wave, Dsi for shear wave polarized 
along <001> direction and Ds 2 for shear wave polarized along <1 10> direction along <1 10> 


direction of the semiconductors at the temperature range 100-300K.] 


Semiconductor Temp.(K) 

<Y^>i 

<(y;)^>. 

<(yjf>si 

<iy{)^s2 

D, 

Dsi 

Ds2 

SnTe 

100 

-0.794 

2.396 

0.219 

3.479 

18.678 

1.970 

31.311 


200 

-0.749 

2.159 

0.191 

3.313 

17.320 

1.723 

29.817 


300 

-0.707 

1.960 

0.170 

3.163 

15.892 

1.530 

28.467 

EuSe 

100 

-0.793 

2.432 

0.196 

3.589 

18.912 

1.764 

32.301 


200 

-0.748 

2.198 

0.173 

3.422 

17.641 

1.557 

30.798 


300 

-0.707 

2.003 

0.155 

3.219 

16.255 

1.395 

29.466 

CdO 

100 

-0.930 

3.512 

0.215 

3.589 

19.860 

1.785 

32.014 


200 

-0.912 

3.173 

0.182 

3.451 

19.368 

1.546 

30.421 


300 

-0.862 

2.777 

0.172 

3.244 

18.548 

1.235 

28.965 

SmS 

100 

-0.786 

2.339 

0.229 

3.365 

17.842 

2.061 

30.285 


200 

-0.750 

2.142 

0.206 

3.234 

17.013 

1.854 

29.124 


300 

-0.713 

1.959 

0.184 

3.102 

15.761 

1.656 

27.918 

Table 5.10 Average ultrasonic Grtineisen parameters <yj>i 

for longitudinal wave, average 

square ultrasonic Grtineisen parameters (<(yj)^>i for longitudinal wave 

, <iylf>si 

for shear 

wave 

polarized along <00 1> direction, <(yj)^>S 2 

for shear 

wave polarized along <11 0> 

direction), non-linear parameters D| for longitudinal wave. 

Dsi for shear wave 

polarized 

along <00 1> direction and Ds 2 for shear wave polarized along 

<1 10> direction along <1 10> 

direction of the semiconductors at the temperature range 100-300K.] 



Semiconductor XciTlp (K.) 

<yj>i 

<(yj)">i 

<iylf>si 

<(y/)%2 

D, 

Dsi 

Ds2 

NpS 

100 

-0.805 

2.318 

0.415 

3.007 

17.590 

3.736 

27.065 


200 

-0.769 

2.120 

0.364 

2.892 

16.729 


26.030 


300 

-0.734 

1.934 

0.317 

2.774 

15.448 

2.844 

24.966 

NpSe 

100 

-0.805 

2.336 

0.366 

3.103 

18.003 

3.297 

27.924 

200 

-0.765 

2.115 

0.316 

2.967 

16.808 

2.846 

26.928 


300 

-0.727 

1.920 

0.275 

2.838 

15.417 

2.475 

25.542 

PuS 

100 

-0.797 

2.323 

0.285 

3.217 

17.809 

2.565 

28.957 


200 

-0.759 

2.137 

0.249 

3.114 

16.973 

2.242 

28.031 


300 

-0.724 

1.955 

0.227 

2.975 

15.728 

2.043 

26.775 

PuSe 

100 

-0.795 

2.359 

0.256 

3.330 

18.282 

2.303 

29.039 


200 

-0.756 

2.148 

0.227 

3.190 

18.248 

2.039 

28.708 


300 

-0.719 

1.962 

0.202 

3.057 

15.832 

1.818 

27.513 

PuTe 

100 

-0.791 

2.383 

0.219 

3.455 

18.602 

1.187 

31.096 


200 

-0.749 

2.157 

0.193 

3.299 

17.035 

1.741 

29.691 
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300 

-0.713 1.959 

0.184 

3.102 

16.422 1.332 29.844 


Table 5.11 Average ultrasonic Griineisen parameters <yj>i for longitudinal wave, average 


square ultrasonic Griineisen parameters (<( )^>i for longitudinal wave , <( yj )">s for shear 

wave), non-linear parameters Di for longitudinal wave and Ds for shear wave polarized along 


<1 10> along <1 1 1> direction of the semiconductors at the temperature range 100-300K.] 


Semiconductor Temp.(K) < 

'i ' 

<(y;)S 


D, 

Ds 

SnTe 

100 

-0.647 

1.973 

2.351 

15.841 

21.159 


200 

-0.615 

1.788 

2.242 

14.667 

20.178 


300 

-0.587 

1.629 

2.144 

13.465 

19.296 

EuSe 

100 

-0.651 

2.004 

2.427 

16.024 

21.843 


200 

-0.620 

1.819 

2.317 

14.901 

20.853 


300 

-0.592 

1.661 

2.220 

13.710 

19.980 

CdO 

100 

-0.619 

1.959 

1.448 

15.822 

21.845 


200 

-0.607 

1.869 

1.437 

14.342 

20.512 


300 

-0.562 

1.785 

1.386 

14.121 

19.012 

SmS 

100 

-0.515 

2.244 

0.134 

15.229 

20.466 


200 

-0.498 

2.125 

0.132 

14.440 

19.692 


300 

-0.480 

2.010 

0.131 

13.393 

18.918 


Table 5.12 Average ultrasonic Griineisen parametrs <yj>i for longitudinal wave, average 


square ultrasonic Gruneisen parameters (<( 7 - )^>i for longitudinal wave , <(yj )^>s for shear 
wave), non-linear parameters Di for longitudinal wave and Ds for shear wave polarized along 
<1 10> direction along <1 1 1> direction of the semiconductors at the temperature range 100- 


300K.] 


Semiconductor Temp.(K) < 

yj -^1 

<(YiA 


Di 

Ds 

NpS 

100 

-0.628 

1.870 

2.028 

14.658 

18.256 


200 

-0.604 

1.728 

1.953 

14.106 

17.573 


300 

-0.580 

1.593 

1.875 

13.215 

17.271 

NpSe 

100 

-0.633 

1.895 

2.096 

15.182 

18.844 


200 

-0.606 

1.734 

2.004 

14.207 

18.038 


300 

-0.579 

1.589 

1.919 

13.124 

17.271 

PuS 

100 

-0.634 

1.903 

2.173 

15.146 

19.555 


200 

-0.611 

1.763 

2.106 

14.404 

18.951 


300 

-0.586 

1.623 

2.014 

13.393 

18.126 

PuSe 

100 

-0.640 

1.937 

2.249 

15.519 

20.244 


200 

-0.613 

1.776 

2.158 

14.551 

19.416 


300 

-0.588 

1.631 

2.070 

13.458 

18.630 

PuTe 

100 

-0.645 

1.962 

2.335 

15.775 

21.019 


200 

-0.615 

1.786 

2.233 

14.470 

20.095 


300 

-0.587 

1.629 

2.102 

13.818 

20.241 
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Table 5.13 Ultrasonic attenuation due to thermoelastic loss (a/f^)th and due to phonon- 
phonon interaction ((a/f )Akhi for longitudinal wave and (a/f )Akhs for shear wave) of the 
semiconductors in the temperature range 100-300K in the unit 10'** Np sVcm along <100> 
direction. 


Semiconductor Temperature [K] (a/f^)th 

(a/f^)Akh.l 

(a/f")Akh s 

SnTe 

100 

0.005 

1.545 

0.411 


200 

0.008 

3.343 

0.976 


300 

0.012 

5.615 

2.180 

EuSe 

100 

0.014 

4.623 

1.273 


200 

0.025 

10.952 

3.292 


300 

0.033 

16.403 

5.432 

CdO 

100 

0.023 

1.837 

0.275 


200 

0.045 

5.156 

0.868 


300 

0.058 

7.927 

1.419 

SmS 

100 

0.017 

4.663 

1.250 


200 

0.024 

9.057 

2.601 


300 

0.031 

13.178 

4.118 


Table 5.14 Ultrasonic attenuation due to thermoelastic loss (o/f^)* and due to phonon- 
phonon interaction ((a/f^)Akh i for longitudinal wave and (a/^)A]ch s for shear wave) of the 
semiconductors in the temperature range 100-300K in the unit 10'*^ Np sVcm along <100> 
direction. 


Semiconductor 

Temperature [K] 

(a/f')th 

(a/f^)Akh.l 

(a/f^)Akhs 

NpS 

100 

0.001 

0.228 

0.053 


200 

0.004 

1.135 

0.280 


300 

0.008 

2.716 

0.722 

NpSe 

100 

0.002 

0.570 

0.134 


200 

0.009 

2.852 

0.725 


300 

0.019 

7.097 

1.965 

PuS 

100 

0.0003 

0.096 

0.024 


200 

0.001 

0.497 

0.134 


300 

0.004 

1.541 

4.475 

PuSe 

100 

0.001 

0.286 

0.073 


200 

0.004 

1.476 

0.408 


300 

0.011 

4.898 

1.477 

PuTe 

100 

0.004 

1.181 

0.315 


200 

0.007 

2.754 

0.807 


300 

0.039 

10.994 

7.040 
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Table 5.15 Ultrasonic attenuation due to thermoelastic loss (a/f^)th and due to phonon- 
phonon interaction ((a/f")Akhi for longitudinal wave, (a/f^)Akh.si for shear wave polarized 


along <001> and (a/f^)AkhS 2 for shear wave polarized along <1 1 Odirection) of the 
semiconductors along <110> direction in the temperature range 100-300K in the unit 10’'^ 
Np sVcm. 


Semiconductors Temp.[K] (a/f^)th 

(a/f^)Aich.i 

(a/f^)Akhsi 

(a/f^)Akh.S2 

SnTe 

100 

0.011 

1.476 

0.673 

10.697 


200 

0.018 

3.125 

1.415 

24.489 


300 

0.026 

5.098 

2.352 

43.621 

EuSe 

100 

0.032 

4.367 

1.877 

34.364 


200 

0.059 

10.156 

4.347 

85.990 


300 

0.065 

13.805 

6.271 

118.450 

CdO 

100 

0.073 

3.284 

0.275 

43.863 


200 

0.132 

8.516 

8.681 

84.213 


300 

0.164 

12.519 

1.419 

257.494 

SmS 

100 

0.039 

4.420 

2.156 

31.684 


200 

0.055 

8.502 

4.059 

63.767 


300 

0.067 

12.046 

5.784 

97.517 


Table 5.16 Ultrasonic attenuation due to thermoelastic loss (a/f^)th and due to phonon- 
phonon interaction ((a/f^)Akhi for longitudinal wave, (a/:l^)Akh.si for shear wave polarized 


along <00 1> and (a/f^)AkhS 2 for shear wave polarized along <11 0> direction) of the 
semiconductors along <110> direction in the temperature range 100-300K in the unit 10'*® 
Np sVcm. 


Semiconductors 

Temp.[K] 

(cc/^)th 

(a/f^)Akh.i 

(oc/f^)Akh.Sl 

(a/f^)Akh S2 

NpS 

100 

0.003 

0.232 

0.158 

1.147 


200 

0.009 

1.137 

0.890 

5.874 


300 

0.019 

2.638 

1.677 

14.720 

NpSe 

100 

0.005 

0.575 

0.356 

3.014 


200 

0.021 

2.814 

1.678 

15.875 


300 

0.044 

6.773 

4.003 

41.307 

PuS 

100 

0.001 

0.093 

0.051 

0.574 


200 

0.003 

0.476 

0.249 

3.114 


300 

0.009 

1.445 

0.764 

10.009 

PuSe 

100 

0.002 

0.146 

0.139 

1.811 


200 

0.003 

0.277 

0.694 

9.767 


300 

0.025 

4.531 

2.260 

34.205 

PuTe 

100 

0.008 

1.130 

0.518 

8.169 


200 

0.019 

2.556 

1.183 

20.181 


300 

0.085 

18.918 

8.077 

180.971 
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Table 5.17 Ultrasonic attenuation due to thermoelastic loss (a/f^)th and due to phonon- 
phonon interaction ((a/f^)Akh.i for longitudinal wave and (a/f^)Akh s for shear wave polarized 


along <1 10>) of the semiconductors in the temperature range 100-300K in the unit 10'’* Np 
s^/cm along <1 1 1> direction. 


Semiconductor Temperature [K] (a/f^)th 

(a/f^)Akhi 

(a/f^)Akh.S 

SnTe 

100 

0.007 

1.252 

7.229 


200 

0.012 

2.646 

16.572 


300 

0.018 

4.320 

29.664 

EuSe 

100 

0.022 

3.699 

23.238 


200 

0.039 

8.579 

58.223 


300 

0.050 

12.481 

92.276 

CdO 

100 

0.031 

1.828 

22.491 


200 

0.061 

5.543 

64.453 


300 

0.077 

8.371 

100.491 

SmS 

100 

0.026 

3.773 

21.412 


200 

0.037 

7.216 

43.116 


300 

0.046 

10.237 

66.080 


Table 5.18 Ultrasonic attenuation due to thermoelastic loss (a/f^)th and due to phonon- 
phonon interaction ((a/f^)Akh.i for longitudinal wave and (a/^)Akh.s for shear wave polarized 


along <1 10> direction) of the semiconductors in the temperature range 100-300K in the unit 
10'’^Np s^/cm along <1 1 1> direction. 


Semiconductor 

Temperature [K] 

(cc/f^)th 

(a/f^)Akh.l 

(a/f^)Akhs 

NpS 

100 

0.003 

0.377 

1.500 


200 

0.006 

0.959 

3.966 


300 

0.012 

2.241 

9.950 

NpSe 

100 

0.003 

0.485 

2.034 


200 

0.013 

2.379 

10.635 


300 

0.028 

5.766 

27.931 

PuS 

100 

0.001 

0.079 

0.387 


200 

0.002 

0.404 

2.105 


300 

0.057 

1.230 

6.776 

PuSe 

100 

0.002 

0.235 

1.223 


200 

0.006 

1.192 

6.606 


300 

0.017 

3.851 

23.161 

PuTe 

100 

0.006 

0.959 

5.522 


200 

0.011 

2.171 

13.659 


300 

0.061 

15.917 

122.739 
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(a/f^)th in 10'^^Np s^/cm 


0.07 



0 100 200 300 400 

Temperature[K] 


Fig. 5.1 (a/f^)th vs. temperature along <100> direction 



0 50 100 150 200 250 300 350 

Temperature[K] 


Fig. 5.2 (a/f^)iong vs. temperature along <100>direction 
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Fig. 5.3 (a/f^)shear vs temperature along <100> direction 


0.18 



Fig.5.4 (a/f^)th vs. temperature along <11 0> direction 
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(a/f^)shearin 10'''®Np s^/cm 


200 — #— -SnTe 


■EuSe 



Fig. 5. 7 (a/f )shear vs. t6rnperatur8 along <1 10> direction shear 
wave polarized along <lfo> direction 



Fig.5.8 (a/f^)th vs. temperature along <1 1 1> direction 
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CHAPTER-6 


Effect of Concentration on Ultrasonic Attenuation 
in Metallic Alloys at Room Temperature 

6.1 Introduction 

In the preceding chapters ultrasonic attenuation has been studied in metallic, 
dielectric and semiconducting substances in wide temperature range along various 
crystallographic directions. Although the ultrasonic attenuation has been studied in 
different type materials by different methods recently [1-5]. Only few studies in alloys 
have been reported on the phonon-phonon interaction mechanism and thermoelastic loss 
mechanism causing ultrasonic attenuation. 

In the present investigation metallic alloys Cuioo-xPtx, Agioo-xPtxand Auioo-xPtx (where 
x=l, 2, 3 and 4) are taken for the study. The phonon viscosity and thermoelastic losses 
are obtained for longitudinal and shear waves along <100>, <1 10> and <1 1 1> directions 
of propagation at room temperature. The investigation of Akhiezer damping (phonon- 
viscosity loss) and thermoelastic mechanism in metallic alloys Cuioo-xPtx, Agioo-xPtx and 
Auioo-xPtx (where x=l ,2 ,3 and 4) at room temperature lead to significant variation in the 
attenuation coefficient according to different composition of Pt in Cu, Ag and Au metals. 
The study is made starting with nearest neighbor distance and hardness parameter at 
room temperature over composition variation of Pt in Cu, Ag and Au metals. 

6.2 Theory 

6.2.1 Second and third order elastic constants (SOEC and TOEC) 

The potential used for evaluation of SOEC and TOEC of the form 

(p(R) =(|)(c)+ (j)(r) (6.1) 

Where (j)(c) is electrostatic potential and (j)(r) is the repulsive potential given as 

(j)(c)=± e^/r and (j)(r)= A exp (-r/b) (6.2) 

Where e is the electronic charge, r is the nearest neighbor distance and A is a 
parameter, given as in eqn. (2.1 1) of chapter II. 
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Following Brugger [6] definition of elastic constants and starting from nearest 
neighbor distance and hardness parameter of the substance and taking interaction 
effective upto second nearest neighbor distance, SOEC and TOEC have been obtained at 
absolute zero of temperature using Tables (2.2) and (2.3) in chapter II. According to 
lattice dynamics developed by Leibfried and Ludwig [7] , lattice energy changes with 
temperature, hence adding vibrational energy contribution to static elastic constants, one 
gets Cu and Cuk at required temperature as 

Cu = Cjj + (6.3) 

CijK = CijK + 


Where superscript 0 has been used to denote SOEC and TOEC at 0 K (static elastic 
constants) and superscript Vib has been used to denote temperature dependence SOEC 


and TOEC. 


Cjj* and Cy* are defined as 


= likl 


pVib 


gCij 

V ar TVc 


+ - 


= iiki 




ar jr=: 


+ 


rO 


fVib 

Mjk 

TVc 


(6.5) 

( 6 . 6 ) 


where fy''^ and f^^ are various constants, given as in Table 2.4 of chapter II. is 
the function of nearest neighbor distance and hardness parameters and for f.c.c. given as 
in equ.(2.25) in chapter II. 

6.2.2 Ultrasonic attenuation 

In the secondary phase of present evaluations Mason-Bateman [8] theory is still 
widely used successfully to study the ultrasonic attenuation at higher temperatures 
(s300K) in solids. It is more reliable theory to study anharmonicity of the crystals as it 
involves elastic constants directly through non-linearity parameter ‘D’ in the evaluation 
of ultrasonic absorption coefficient (a). 

The thermal relaxation time [8] for longitudinal wave is twice that of shear wave. 


J_ _ 3K 

~ ’^'sh — 'T’^long ” —2 

2 CyV 


(6.7) 
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K is thermal conductivity, Cv is specific heat per unit volume, V is the Debye 
average velocity of ultrasonic wave as 


3 


1 2 


Thermoelastic loss [8] is obtained by 
(a/f')th = 


2 , 47t2<Y/>^KT 


2pV,^ 


( 6 . 8 ) 


(6.9) 


<y/> is the average Gruneisen numbers; j is the direction of propagation and i is the mode 
of propagation. <yf*> is related to SOEC and TOEC and are evaluated with the use of 
Mason's table for number of pure modes and then average is taken over total number of 
pure modes [8] and presented in Appendix A. p is the density of the material and T is the 
temperature in Kelvin scale. 

For the Akhiezer loss (phonon-viscosity loss) ‘ctAkh.’j one has to evaluate the 
anharmonic parameter ( acoustic coupling constant) ‘D’, which is the measure of the 
conversion of acoustic energy into thermal energy and is obtained by 

D = 9 <(y,J)^> - (3 Cv T) / Eo . (6-1 0) 

The ultrasonic absorption coefficient over frequency square (a/f)Akh (Akhiezer 
type loss) is given by (cot < 1) [8] 


E,(D/3)4A 

2pV^ 


( 6 . 11 ) 


By determining Diong nnd Dshear for longitudinal and shear wave; (oc// )Akhiong nnd 
( a//)Akh shear Can be obtained. 

The ultrasonic absorption coefficient over frequency square (ot//)th due to thermoelastic 
loss is given by 

4%^ <yi KT 


(a/f^)th=' 


2pV,L, 


( 6 . 12 ) 


where symbols are having their usual meanings. 
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6.3 Evaluations, results and discussion 

The ultrasonic attenuation is evaluated with the computation of SOEC and TOEC 
from nearest neighbor distance (ro) [9] (Cu99Pti=2.5621A°, Cu98Pt2=2.5642A'’, 
Cu97Pt3=2.5663A°, Cu96Pt4=2.5684A°, Ag99Pti=2.889°, Ag98Pt2=2.880A°, 

Ag97Pt3=2.89A°, Ag96Pt4=2.885A°, Au99Pti=2.888A°, Au98Pt2=2.887A°, 

Au97Pt3=2.886A°, Au96Pt4=2.885A®) and hardness parameter [9] b=0.315 A° for all the 
alloys. The SOEC and TOEC are presented in Table 6.1 for all metallic alloys. The 
Griineisen parameter are evaluated along <100>, <11 0> and <11 1> directions for 
longitudinal and shear wave using Griineisen Tables (Appendix A). Specific heat (Cv), 
internal energy density (Eq) and density (p) of the alloys are taken from the literature 
[10]. The electrical resistivity data are taken from the literature [11,12]; the thermal 
conductivity at the given composition for the alloys have been evaluated by applying 
Wiedeman Franz law. All the values of primary physical constants like thermal 
conductivity (K), specific heat (Cv), internal energy density (Eq) and density (p) of the 
alloys are presented in Table 6.2. The thermal relaxation time (t^jj ) has been evaluated 
taking thermal conductivity at requisite composition with the help of eqn.(6.7).The 

ultrasonic absorption coefficient over frequency square (a/ f ^ ) due to phonon-phonon 
interaction and thermoelastic loss has been evaluated at room temperature using eqns. 
(6.11) and (6.12). The evaluated ultrasonic absorption coefficient over frequency square 

(a/f^j due to phonon-phonon interaction ((a/f^)i for longitudinal wave and (a/f^)s for 

shear wave) and thermoelastic loss (a/f^)* are presented in Tables 6. 7, 6.8 and 6.9 along 
<100>, <1 10> and <1 1 1> direction for longitudinal wave and shear wave polarized along 

<100>, <00 1> & <n0> and <1 10> directions respectively. 

It is clear from Table 6.1 that the values of SOEC of these alloys is approximately half 
of that as reported by Giri [13] and Salama [14] for other alloys like Cu-Ni, Nb-Mo etc. 
.It is obvious from the Table 6.6 that the thermal relaxation time (xth) decreases for all 
alloys as the percentage of platinum increases. From the Table 6.7, it is clear that values 
of non-linearity ‘D’ for all alloys do not vary much with the composition along <100>, 
<1 10> and <1 1 1> directions of propagating wave. Hence variation is not much affected 
by ‘D’ values, but the change is due to the variation of thermal conductivity at different 
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composition. The ratio of Di/Ds along <100> direction is about 10-14, Di/Dsi along 
<110> direction shear wave polarized along <001> is approximately between 2. 5-7. 5, 

Dsi/Di along <11 0> direction shear wave polarized along <110>is approximately 
between 1.4-1. 8 and Ds/Di along <11 1> direction shear wave polarized along <1 10> is 
approximately between 1.16-1.33. Which is very much similar to other metallic crystals 
and metallic alloys [15-18]. It is obvious from the Tables 6.8-6.10 and Figs. 6.1-6.10, that 
attenuation over frequency square (a/f^)Akh. due to phonon-viscosity mechanism is found 
to contribute a vital part of the total attenuation as compared to the thermoelastic part. 
Both (a/f^)Akh. and (a/f^)th go on decreasing as the composition of platinum increases in 
these alloys Cuioo-xPtx, Agioo-xPtx and Auioo-xPtx (where x=l,2,3 and 4). As the case of 
other metals [16-18], the thermoelastic attenuation (a/f^)th is found negligible in 
comparison to Akhiezer loss (a/f^)Akh in all directions. Generally the values of attenuation 
obtained in the present work are comparable with the values available for the other metals 
[16,18]. Although these conclusion leads one to conclude that the behavior of alloys are 
similar to that of metallic crystals [16,18]. Values of non-linearity parameter ‘D’ and 
Ultrasonic attenuation \a/fy are found to be unequal in different directions with 
different compositions. The orders of different parameters are found to be unequal in 
<100>, <11 0> and <11 1> crystallographic directions with different compositions. The 
orders of different parameters are found to be same as in Cu-Ni alloys [19]. However 
experimental value [16] in copper metal is 97X10' Np s /cm, which is good agreement 
with evaluated value of attenuation (59X10'’’Np sVcm for Cu 99 Pti) along <100> 
direction for longitudinal waves. It is obvious from the Tables 6.7 -6.9 and figs. 6.1-6.10 
that the values of (a/f^)Akh for longitudinal wave is greater than shear wave attenuation 
along <100> and <110> (shear wave polarized along <001> direction) directions, while 
the same values are less than that along <11 0> (shear wave polarized along 

<1 10>direction) and <11 1> (shear wave polarized along <1 1 0>direction) directions. 
Although the experimental values for the absorption at different composition are not 
available in literature, but the trend of the present values are the same as expected. 

On the basis of the obtained results in the present work, it is established that the 
process of study of ultrasonic attenuation in metals at room temperatiue can be extended 
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successfully to the various composition of the original metals and one may know about 
the composition of metallic alloys after the knowledge of ultrasonic attenuation values of 
those metallic alloys. Thus it is concluded that present theoretical approach for metals can 
be extended for metallic alloys. 

The Ultrasonic study in this region in these alloys would be applicable in 
engineering and material science. 


Table6.1 Second and third order elastic constants (SOEC & TOEC) of the metallic alloys 
at room temperature i.e. 30QK(X10*^Dyne/cm). 


Alloys 

Cll 

Cl2 

C 44 

Ciu 

Cm 

Cl23 

Ci44 

C166 

C 456 

CU99Pti 

6.957 

2.002 

2.298 

-100.5 

-8.362 

2.267 

3.713 

-9.447 

3.632 

CU98Pt2 

6.784 

1.995 

2.285 

-98.85 

-8.344 

2.254 

3.699 

-9.378 

3.620 

CU97Pt3 

6.717 

1.986 

2.275 

-98.21 

-8.309 

2.241 

3.687 

-9.332 

3.608 

CU96Pt4 

6.679 

1.978 

2.265 

-97.84 

-S.273 

2.229 

3.675 

-9.291 

3.596 

Ag99Ptl 

5.821 

1.081 

1.347 

-90.57 

-4.401 

0.722 

2.304 

-5.471 

2.253 

Ag98Pt2 

5.694 

1.078 

1.346 

-89.22 

-4.372 

0.719 

2.301 

-5.482 

2.250 

Ag97Pt3 

5.652 

1.083 

1.347 

-88.76 

-4.411 

0.723 

2.307 

-5.473 

2.256 

Ag96Pt4 

5.632 

1.085 

1.349 

-88.55 

-4.419 

0.729 

2.310 

-5.478 

2.2590 

AU99Pti 

5.250 

1.131 

1.374 

-79.41 

-4.664 

0.955 

2.303 

-5.619 

2.250 

AU98Pt2 

5.140 

1.132 

1.372 

-78.29 

-4.679 

0.960 

2.304 

-5.604 

2.251 

AU97Pt3 

5.104 

1.134 

1.374 

-77.92 

-4.689 

0.960 

2.307 

-5.608 

2.555 

AU96Pt4 

5.551 

1.126 

1.387 

-82.35 

-4.588 

0.954 

2.316 

-5.693 

2.258 


Table 6.2 Thermal conductivity (K) in lO^erg/cm s K, specific heat (Cy) in lO^erg/cc K, 
density (p) in g/cc and energy density (Eo) in lO^erg/cc of the metallic alloys at room 
temperature. 


Alloys 

K 

Cv 

P 

Eo 

CUggPti 

3.130 

3.350 

9.132 

7.275 

CU98Pt2 

2.630 

3.380 

9.312 

7.301 

Cll97Pt3 

2.190 

3.370 

9.450 

7.295 

CU96pt4 

1.750 

3.390 

9.631 

7.323 

Ag99Pti 

3.340 

2.390 

10.62 

5.778 

Ag98Pt2 

2.370 

2.401 

10.71 

5.804 

Ag97Pt3 

1.990 

2.400 

10.82 

5.823 

Ag96Pt4 

1.530 

2.360 

10.72 

5.728 

AU99Pti 

2.160 

2.420 

19.30 

6.187 

AU98Pt2 

1.750 

2.430 

19.30 

6.190 

AU97Pt3 

1.470 

2.431 

19.32 

6.202 

AU96Pt4 

1.230 

2.440 

19.34 

6.177 
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Table 6.3 Ultrasonic velocities (V| for longitudinal wave, Vs for shear wave and V - 
Debye average velocity) in lO^cm/s and thermal relaxation time (xth) in 10'”sec of the 
alloys at room temperature. 


Alloys 

V, 

Vs 

V 


Cu99Pti 

2.760 

1.586 

1.741 

9.250 

Cu98Pt2 

2.699 

1.571 

1.722 

7.872 

CU97Pt3 

2.666 

1.551 

1.701 

6.741 

CU96Pt4 

2.633 

1.534 

1.681 

5.481 

Ag99Pti 

2.343 

1.127 

1.252 

26.726 

Ag98Pt2 

2.306 

1.121 

1.245 

19.110 

AggyPts 

2.286 

1.116 

1.239 

16.203 

Ag96Pt4 

2.292 

1.122 

1.245 

12.541 

AU99Pti 

1.649 

0.844 

0.934 

30.670 

AU98Pt2 

1.632 

0.843 

0.933 

24.810 

AU97Pt3 

1.625 

0.843 

0.933 

20.843 

AU96Pt4 

1.694 

0.847 

0.939 

17.148 


Table 6.4 Average of ultrasonic Griineisen parameters (<y,-^>i for longitudinal wave), 
average of square ultrasonic Gruneisen parameters (<(yi'^)^>iong for longitudinal wave and 
<(Yi^)^>sheaf for shear wave) and acoustic coupling constants (Di for longitudinal wave and 
Ds for shear wave) of the alloys at room temperature along <100> crystallographic 
direction. 


Alloys 

<yJ>, 

^long 

^shear 

D, 

Ds 

CU99pti 

0.479 

1.671 

0.144 

14.086 

1.298 

CU98Pt2 

0.485 

1.707 

0.146 

14.381 

1.314 

CU97Pt3 

0.487 

1.720 

0.147 

14.495 

1.319 

CU96Pt4 

0.488 

1.728 

0.147 

14.556 

1.321 

Ag99Pti 

0.472 

1.920 

0.130 

16.451 

1.171 

Ag98Pt2 

0.477 

1.949 

0.131 

16.688 

1.181 

Ag97Pt3 

0.480 

1.958 

0.132 

16.769 

1.184 

Ag96Pt4 

0.480 

1.962 

0.132 

16.805 

1.186 

AU99Pti 

0.472 

.1.811 

0.133 

15.516 

1.200 

AU98Pt2 

0.478 

1.839 

0.134 

15.747 

1.212 

AU97Pt3 

0.480 

1.848 

0.135 

15.824 

1.216 

AU96Pt4 

0.459 

1.736 

0.131 

14.872 

1.177 


Table 6.5 Average of ultrasonic Gruneisen parameters (<Yi^>i for longitudinal wave), 
average of square ultrasonic Gruneisen parameters (<(Yf’)^>iong for longitudinal wave, 
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<(Yr')^>sheari for shcar wave polarized along <00 1> direction and <(Yr')^>shear 2 for shear 
wave polarized along <11 0> direction) and acoustic coupling constants (Di for 
longitudinal wave, Dsi for shear wave polarized along <00 1> direction and Ds 2 for shear 

wave polarized along <1 10> direction) of the metallic alloys at room temperature along 
<1 10> crystallographic direction. 


Alloys 

<Yf'>i 

^long 

<( Y . 0 ->shi 

<( Y , 0 ^ sh 2 

D, 

Dsi 

Ds2 

CU99Pti 

- 0.742 

1.914 

0.646 

2.379 

14.943 

5.816 

21.413 

CU98Pt2 

- 0.755 

1.981 

0.709 

2.426 

15.452 

6.3804 

21.834 

CU97Pt3 

- 0.760 

2.004 

0.728 

2.445 

15.632 

6.552 

22.004 

CU96Pt4 

- 0.762 

2.014 

0.734 

2.456 

15.709 

6.603 

22.104 

Ag99Ptl 

- 0.699 

1.878 

0.191 

2.941 

15.080 

1.715 

26.467 

Ag98Pt2 

- 0.710 

1.919 

0.202 

2.980 

15.389 

1.813 

26.822 

Ag97Pt3 

- 0.714 

1.932 

0.206 

2.993 

15.501 

1.853 

26.852 

Ag96Pt4 

- 0.716 

1.940 

0.208 

2.999 

15.552 

1.875 

26.994 

AU99Pti 

- 0.709 

1.838 

0.268 

2.716 

14.769 

2.407 

24.442 

AU98Pt2 

- 0.720 

1.882 

0.284 

2.754 

15.102 

2.559 

24.790 

AU97Pt3 

- 0.724 

1.897 

0.292 

2.767 

15.222 

2.624 

24.900 

AU96Pt4 

- 0.680 

1.722 

0.232 

2.614 

13.851 

2.092 

23.525 

Table 6.6 Average of ultrasonic Griineisen parameters (<y/>) and acoustic coupling 

constants (Di and Ds) of the alloys at room temperature along <11 1> crystallographic 

direction.( 

* shear wave polarized along <1 10>). 




Alloys 

<Yf'> 

^long 

"^(Yi^) shear 

D, 


D*s 

CU99Pti 

- 0.563 

1.526 


1.603 

12.417 


14.428 

CU98Pt2 

- 0.571 

1.568 


1.635 

12.754 


14.711 

CU97Pt3 

- 0.574 

1.583 


1.647 

12.876 


14.826 

CU96Pt4 

- 0.575 

1.590 


1.655 

12.932 


14.894 

Ag99Pti 

- 0.574 

1.565 


1.993 

12.856 


17.936 

Ag98Pt2 

- 0.581 

1.566 


2.019 

12.843 


18.168 

Ag97Pt3 

- 0.583 

1.607 


2.027 

13.204 


18.245 

Ag96Pt4 

- 0.584 

1.613 


2.031 

13.248 


18.280 

AU99Pti 

- 0.567 

1.526 


1.837 

12.600 


16.535 

AU98Pt2 

- 0.573 

1.557 


1.863 

12.855 


16.764 

AU97Pt3 

- 0.576 

1.568 


1.871 

12.946 


16.837 

AU96Pt4 

- 0.549 

1.441 


1.770 

11.895 


15.931 
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Table 6.7 Ultrasonic attenuation due to phonon-phonon interaction [(a/f^)Akh long for 
longitudinal wave and (a/f^)Akh shear for shear wave] and thermoelastic loss (a/f^)th of the 
alloys at room temperature along <100> in lQ''^Np sVcm. 


Alloys 

(a/f^)th 

(oc/f“)Akhlong 

(oc/f" )Akh shear 

CU99Pti 

0.265 

59.240 

14.379 

CuggPtg 

0.250 

54.168 

12.552 

CU97Pt3 

0.220 

47.764 

11.028 

CU96Pt4 

0.184 

39.855 

9.153 

Ag99Pti 

0.537 

223.506 

71.499 

Ag98Pt2 

0.418 

169.167 

52.045 

Ag97Pt3 

0.366 

146.978 

44.573 

Ag96Pt4 

0.281 

112.199 

33.769 

AU99Pt] 

1.107 

408.082 

117.891 

AU98Pt2 

0.966 

346.008 

96.502 

AU97Pt3 

0.833 

295.939 

81.424 

AU96Pt4 

0.519 

201.004 

63.702 


Table 6.8 Ultrasonic attenuation due to phonon-phonon interaction [(a/f^)Akh.iong.for 
longitudinal wave and (a/f^)Akh shear for shear wave] and thermoelastic loss (a/f^)th of the 
alloys at room temperature along <1 10> in 10' Np s /cm. 


Alloys 

(a/f^)th 

(oc/f^)Akh.Iong 

(oc/f )*Akh.shearl 

(oc/^) Akhshear2 

CU99Pti 

0.636 

62.845 

64.407 

237.144 

CU98Pt2 

0.607 

58.517 

61.822 

211.562 

CU97Pt3 

0.536 

51.509 

58.226 

183.990 

CU96Pt4 

0.450 

43.047 

54.789 

153.5167 

Ag99Ptl 

1.176 

204.877 

104.635 

1615.222 

Ag98Pt2 

0.925 

156.000 

79.920 

1182.336 

Ag97Pt3 

0.813 

134.752 

69.733 

1009.655 

Ag96Pt4 

0.625 

103.839 

53.397 

768.619 

AU99Pti 

2.491 

388.440 

236.432 

2401.016 

AU98Pt2 

2.081 

320.628 

202.937 

1974.602 

AU97Pt3 

1.899 

284.688 

175.782 

1502.053 

AU96Pt4 

1.137 

187.201 

113.206 

1273.247 
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* shear wave polarized along <00 1> direction 

* shear wave polarized along <1 10> direction 


Table 6.9 Ultrasonic attenuation due to phonon-phonon interaction [(a/f^)Akh long for 
longitudinal wave and (a/f^)Akh shear for shear wave] and thermoelastic loss (a/f^)th of the 
alloys at room temperature along <1 1 1> in 10''^Np sVcm. 


Alloys 

(a/f")th 

(oc/f^)Akh long 

(oc/f ) Akh shear 

CU99Pti 

0.366 

52.223 

159.592 

CU98Pt2 

0.347 

48.302 

142.545 

CU97Pt3 

0.306 

42.430 . 

123.969 

CU96Pt4 

0.256 

35.410 

103.220 

Ag99Ptl 

0.794 

174.662 

1094.492 

Ag98Pt2 

0.618 

130.186 

800.841 

Ag97Pt3 

0.541 

115.733 

686.786 

Ag96Pt4 

0.416 

88.453 

520.504 

AU99Pti 

1.592 

331.392 

1624.263 

AU98Pt2 

1.391 

282.461 

1335.353 

AU97Pt3 

■ 1.200 

242.117 

1127.787 

AU96Pt4 

0.743 

160.767 

862.242 


* shear wave polarized along <1 1 0> direction 
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Fig. 6.1. (a/f^)th vs composition of Platinum(x) along <100> direction 
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Fig. 6.2. (a/f^)iong vs composition of Platinum(x) along <100> direction. 
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Fig. 6.3. (oc/f^)shear vs composition of Platinum(x) along <100> direction. 
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Fig. 6.4. (a/f^)th vs composition of Platinum(x) along <11 0> 

direction 

500 1 



X 

Fig. 6.5. (a/f^)iong vs composition of Platinum(x) along <11 0> 

direction 



0 12 3 4 
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Fig. 6.6. (a/f^)shear vs composition of Platinum(x) along <1 10> 
direction shear wave polarized along <001 > direction 



X 

Fig. 6.7. (cx/f^)shear vs composition of Piatinum(x) along <11 0> 
direction shear wave polarized along <lT0> direction 
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Fig. 6.8. (a/f^)th vs composition of Platinum(x) along <11 1> direction 
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Fig. 6.9. (a/f^)iong vs composition of Platinum(x) along <1 1 1> 
direction 
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Fig. 6.10. (ot/f^)shear VS composition of Piatinum(x) along <1 11> 
direction shear wave polarized along <T10> direction 
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CHAPTER-7 

Ultrasonic Attenuation in Intermetallics 

7.1. Introduction 

Ultrasonic techniques are widely used for the determination of elastic properties and the 
characterization of the microstracture of materials. The elastic constants are determined by 
the measurement of velocities of the longitudinal and shear waves [1], while the 

microstructure (grain size, porosity ) is generally evaluated by measuring their 

attenuation [2]. Ultrasonics also offers the possibility of measuring texture [3,4], phase 
changes and residual stresses [5]. Ultrasonic velocity and attenuation has been shown also to 
correlate in certain cases to fracture toughness and fatigue damage [6]. Recently ultrasonic 
velocity and attenuation [7-15] has been studied in various physical states and conditions. 

In preceding chapters ultrasonic attenuation has been studied in metallics, dielectrics 
semiconducting crystals and metallic alloys in a wide temperature regions along various 
crystallographic directions. In the present chapter ultrasonic attenuation has been studied in 
intermetallic compounds or ‘intermetallics’. They have received attention in recent years 
because of their technological promise as high temperature structural materials. The technical 
research has been accompanied by a programme of curiosity driven research, which has 
uncovered a number of novel physical features. Intermetallics have been known and studied 
since the late nineteenth century [16]. The British metallurgist Cecil Desch in 1914 wrote a 
monograph on intermetallic compounds [17] and declared that “attempt to form a theory of 

constitution of intermetallic compounds have been comparatively unsuccessful”. When 

he returned to the subject 20 years later [18], he felt much more confident about the state of 
theory because in the mean time, William Hume-Rothery and Linus Pauling had introduced 
the concept of atomic size factor, electron per atom ratio, quantum theory of solids and 
electronegativity into the interpretation of formulation of intermetallic compounds. A recent 
detailed account of the crystal chemistry and physical metallurgy of these compounds by 
Ferro and Saccone [19] ; it is very different indeed from Desch’s mystified view in 1914. 

One of the oldest applications of intermetallics is for superconducting magnet winding; 
the favoured intermetallics for this purpose are NbsSn, VaGa and NbsAl all of them with the 
A- 15 crystal structure. NbsAl is particularly widely used, and discovery of ceramic 
superconductors has not dented the use of the metallic superconductors. Apart from the 
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subtile methods that must be used to prepare multifilaments of intermetallics such as NbaAl, 
there are also some purely physical issues such as effect of partial destruction of long range 
atomic order on the critical temperature for supercondition and on the critical current and 
related issue of non-stoichiometry and the consequent antisite atoms in the structure. These 
matters have spawned an extensive literature. A comprehensive review of niobium aluminide 
superconductor by Glowacki in Cambridge, has recently appeared [20] and the reader can be 
confidently referred to this source. 

Perhaps the newest application of an intermetallics is the use of ZrCo as a selective 
hybridizing agent in order to separate the three hydrogen isotopes, hydrogen, deuterium and 
tritium from the mixture by a selective decomposition of the mixed isotropic hydrides. This 
was demonstrated by Naik et al. in Bombay [21]. The method exploits the differential 
pressure composition isotherms in the range 296 to 673K and also the differing kinetics of 
absorption desorption of three isotopes. There is scope much consequential research on the 
characteristic of other intermetallics and the theoretical basis for the isotopic differences. 

In the present chapter the study of ultrasonic attenuation due to e-p interaction (Akhiezer 
loss) in Lanthanum Monochalcogenides (LaS, LaSe and LaTe) at the temperature range 5K- 
80K, due to p-p interaction and thermoelastic loss in Lanthanum Monochalgenides (LaS, 
LaSe and LaTe) from lOOK to 450K, in Praseodymium Monochalcogenides (PrS, PrSe and 
PrTe) from lOOK to 500K, in Cerium Monochalgenides (CeS, CeSe and CeTe) and 
Neodymium Monochalcogenides (NdS, NdSe and NdTe) at room temperature have been 
made along <100>, <11 0> and <11 1> crystallographic directions for longitudinal and shear 
wave polarized along <100>, <001> & <ll0> and <IlO> crystallographic directions 
respectively. 

These monochalcogenides were synthesized by V.P.Zhuze et al.[22-25] using the 
Ivandelli’s method [26]. All compounds obtained have a metallic lusture. The sulfides are 
golden yellow, selenides from golden yellow to copper red and tellurides from violet blue to 
blue. The phase composition of the samples was checked by X-ray diffraction. It was shown 
that all the materials have well formed NaCl-type structure. All materials are extensively 
used in carbon lighting application especially by the motion picture industry for studio 
lighting and projection. To make them more useful for the industries a study of behaviour of 
ultrasonic attenuation have been studied as the function of different physical conditions. 
Ultrasonic Griineisen parameters and non-linearity constants have also been evaluated in 
these intermetallics. 


101 



6.2 Theory 

6.2.1 Theory of SOEC and TOEC 

SOEC and TOEC have evaluated following Brugger’s definition [27] of elastic constants 
at absolute zero using Bom-Mayer potential [28]. The SOEC and TOEC at different 
temperature are obtained by the method developed by Leibfried and Haln [29], Leibfried and 
Ludwig [30], Ghate [31] and finally by Mori and Hiki [32] for NaCl-type crystals. The 
explicit expression for temperature dependence SOEC and TOEC have been presented in 
Tables 2. 2-2. 6 in chapter II. 

6.2.2 Ultrasonic attenuation due to electron-phonon interaction 

At lower temperatures the mean free path of the conduction electrons are comparable 
with acostical phonons. Thus the coupling between electrons and propagating ultrasonic 
waves will lead to the dissipation of energy and viscous loss occurs [15]. 

The attenuation caused by energy loss due to compressional and shear viscosities of 
lattice [15] at the temperature range 5-80K are given as in equs.(2.43) and (2.44) in chapter 
II. 

6.2.3 Ultrasonic attenuation due to phonon-phonon interaction and thermoelastic loss 

An effort has been made to establish the theory of ultrasonic absorption over frequency 
square {a^f) in these intermetallic compounds due to phonon-phonon interaction and 
thermoelastic loss. Akhiezer [33] first proposed the ultrasonic attenuation due to phonon- 
phonon interaction; which was modified by Woodruff and Ehrenreich [34], Bdmmel and 
Dransfeld [35] and finally by Mason [36]. In the present investigation (a//^)th, (a//^)Akh.iong 
and (a<jf^)Akh shear are evaluated using the eqns. (2.86),(2.78) and (2.79) in chapter II. 

6.3 Evaluations, Results and Discussions: 

The theory is tested for intermetallics, rock-salt type structure. Starting with the nearest 
neighbor distance ro [22-25,37], for LaS=2.894A°, LaSe= 3.032A° and LaTe=3.211 A°; 
PrS=2.855A°, PrSe=2.960A° and PrTe=3.140 A°; CeS=2.889A°, CeSe=2.991A‘’ and 
CeTe=3.173 A° and NdS=2.8405A°, NdSe=2.879A° and NdTe=3.1245A° and repulsive 
parameters (Bom parameter) [38] LaS, LaSe & LaTe=0.313 A°, PrS, PrSe & PrTe=0.313 A°; 
CeS=0.303 A°; CeSe=0.313 A° & CeTe=0.311 A° and NdS=0.299 A°, NdSe= 0.315A°& 
NdTe=0.298 A°. SOEC and TOEC are evaluted by means of Tables 2.2-2.6 of chapter II. The 
values of SOEC and velocities (V| for longitudinal wave and Vs for shear wave) are 
presented in Tables 7.1 (for Lanthanum Monochalcogenides in the temperature range 5- 
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80K), We have evaluated ultrasonic absorption (a/f~) due to electron-phonon interaction in 
LaS, LaSe and LaTe for the temperature range 5K-80K according to the eqns (2.43) and 
(2.44) in chapter II and using evaluated second order elastic constants (SOEC) as presented 
in Tables 7.1. The values of electrical resistivity (R), evaluated values of viscosity (rje) and 
ultrasonic attenuation due to e-p interaction [(a/f^)iong for longitudinal wave and (a/f^)shear for 
shear wave) are presented in Tables 7.2. For the evaluation, we have used the resistivity data 
calculated according to Wiedemann-Franz Law [39], utilizing the thermal conductivity 
values taken from the literature [25]. The evaluated values of SOEC and TOEC elastic 
constants are presented in Tables 7.3-7.5 (for Lanthanum Monochalcogenides in the 
temperature range 100-450K), Tables 1.6-1. Z (for Praseodymium Monochalcogenides in the 
temperature range 100-500K) and Tables 7.9 (for Cerium and Neodymium 
Monochalcogenides at room temperature). The SOEC and TOEC give the Griineisen 
parameters along <100>, <11 0> and <11 1> direction for longitudinal wave and shear wave 
polarized along <100>, <00 1> & <11 0> and <ll0> directions respectively as given in 
Appendix-A. The values of Cv and Eq evaluated as a function of (0d/T) [ 0d and T being 
Debye and Kelvin temperatures respectively) are taken from literature [39]. xth is calculated 
by eqn. (2.65) in chapter II using density and thermal conductivity data. The values of 
density (p), thermal conductivity (K), specific heat per unit volume (Cv), energy density (Eo), 
Vi for longitudinal velocity. Vs for shear wave, Debye average velocity (V) and thermal 
relaxation time (xth) are presented in Tables 7.10-7.16 Lanthanum Monochalcogenides, 
Praseodymium Monochalcogenides and Cerium & Neodymium Monochalcogenides 

respectively in their temperature range. The non-linearity coupling constants (D) are 
computed using average Griineisen parameters are presented in Tables 7.17-7.25 along 
<100>, <110> and <11 1> crystallographic direction for Lanthanum Monochalcogenides, 
Praseod 5 mium Monochalcogenides and Cerium & Neodymium Monochalcogenides 

respectively in their temperature range. Finally ultrasonic attenuation due to the phonon- 
viscosity and thermoelastic loss are evaluated using the eqns.2.78, 2.79 and 2.86 in chapter II 
along <100>, <11 0> and <lll>directions. The values of ultrasonic attenuation (p/f 
(a'(f^)Akh.iong and (a/f^)Akh shear are presented in Tables 7.26-7.34 and Figs. 1. 5-1.1, 7.11-7.14 
and 7.17-7.29 for La and Pr Monochalcogenides. 

SOEC and TOEC were evaluated using the Coulomb and Bom-Mayer potential. Bom 
parameter in Bom-Mayer potential (j)(ro)=A exp(-ro/b) is determined as follows [32,38]: 
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Total free energy of a crystal in equilibrium condition should be minimum. In cubic crystal 
for equilibrium condition; 

-(e^/ro)S 3 ^’'-( 2 ro/b) (t)(ro)-(4V2 ro/b) (j)(V2ro)+(hcoo/4)Gicothx=0 
a set of ‘b' which satisfies this relation and also minimize is chosen as the 

most probable one, where are SOEC calculated and are experimental SOEC at 
room temperature. are not available for us in literature. Therefore we have chosen ‘b’ 
values as in other family compounds in literature [32]. Ghate [31] used two values 
(b=0.333A°and 0.288 A°) of Bom-parameter for NaCl-type crystal[38]. 

It is further assumed that the value of ‘b’ is independent of temperature. For other family 
members LiF, KCl; Mori and Hiki [32] used Bom parameters 0.270A° and 0.298A° and 
calculated TOEC. Calculated values were good agreement with experimental values of those 
determined by Drabble and Strathen [40], thus our choice of ‘b’ for all intermetallics is 
justified. The values of SOEC are good agreement with experimental one [41] of light 
tellurides; these are also Rock-salt type stmcture materials. In the case of Palladium metal, 
these is good agreement between attenuation values using Ci i and C 44 calculated with present 
method [42] and that using Cn values by Hsu [43]. Positive temperature dependence of Cn 
was also found in the case of Tungston in the work of Stathis [44]. 

On the other chalcogenide system, the bulk modulus (Cn^-2 Ci 2)/3 of SmS, SmSe, SmTe, 
UTe, NpTe, PuTe, AmTe and a rock salt type ZrC are 47.6Gpa [45], 40GPa, 40Gpa [46], 45 
GPa, 65GPa, 34GPa, 15Gpa [41,47,48] and 23 Gpa [49,50] respectively. These values are 
approximately in the same order as in the evaluated 25GPa, 23GPa and 20GPa for the chosen 
monochalcogenides (La,Pr,Ce,Nd-chalcogenides) in present investigation. There are no 
experimental data for the chosen chalcogenides, therefore the direct comparison could not be 
made. Thus with the above conclusions the theory for the evaluation of SOEC and TOEC at 
different temperatures for these chalcogenides is being established. However, full account of 
many interactions and Vander Wall’s interaction between ions and also consideration of the 
non-linearity of the material upto some extent may further improve the calculated results of 
TOEC [51] 

It can be seen from the Tables 7.2 and Figs.7. 1-7.2, that the values of ultrasonic 
attenuation at the temperature range 5K-80K in LaS, LaSe and LaTe are smaller than the 
values of attenuation in metallic compoimds as found in literatures [52-53]. This is due to 
higher electrical resistivity values of Lanthanum Monochalcogenides (slO'^Qcm) in 
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comparison to the electrical resistivity values of metals (slO'^Qcm). According to previous 
workers [52-53] the attenuation in metals at lower temperatures decreases very sharply with 
the increase in temperature, but in these intermetallic compounds the attenuation decreases 
gradually with increase in temperature as the variation of the resistivity with the 
temperatures. Although experimental data for ultrasonic attenuation in LaS, LaSe and LaTe 
at 5K-80K are not available in literature for comparison, however the values of (ai/as) for 
La-Monochalcogenides becomes s4.5 like in metals [54], Thus the overall behavior of 
ultrasonic attenuation due to e-p interaction in LaS, LaSe and LaTe at temperature range 5- 
80K provides some different characteristic feature for these intermetallic compounds in 
comparasion to that of metals available in the literatures [54,42]. 

As one has mentioned that all monochalcogenides are compound with metallic bonding 
possessed well-developed structure of NaCl-type [22-25,37]. The evaluated thermal 
relaxation time (tth) is of the same order of 10'^ 'sec for all these intermetallics, which is as 
expected as in NaCl-type crystals [55]. It is obvious from the eqn. (2.65) of chapter II that xth 
is directly proportional to the thermal conductivity values. 

The variation of non-linearity parameter (D) with temperature is shown in Tables 7.17- 
7.25 and Figs. 7.3-7.4, 7.8-7.10 and 7.15-7.16 for La and Pr-monochalcogenides. The non- 
linearity constant (Acoustic coupling constant) ‘D’ is decreasing with very small values as 
the temperature increases. This behaviour of ‘D’ is observed in previously NaCl-type 
crystals. Therefore it does not affect much the temperature dependence of ultrasonic 
attenuation in La and Pr-chalcogenides for both longitudinal and shear wave. It is clear from 
the Tables 7.17-7.25 and Figs. 7.3 and 7.4 that the value of ‘D’ increases with increasing 
molecular weight of these materials. It is obvious from the Tables 7.17 and 7.19 that the 
values of D/ Ds is about 12-15 which is expected between 3 to 16 as previous studies in 
dielectric crystals [55] along <100> crystallographic direction. 

It is seen from the Tables 7.20-7.22 that the ratio of Di/ Dsi for longitudinal wave along 
<11 0> direction and shear wave polarized along <00 1> direction is larger than that of other 
NaCl-type material [55,56]. In the case of Lanthanum Monochalcogenides it varies from 18- 
58), while in the other Monochalcogenides it varies from 4-12, which is very similar with 
experimental result 3.8 of rocksalt type material LiF reported by Hanson [56]. The ratio of 

Ds 2 / Di (shear wave along <1 10> direction and polarized along <1 1 0>) is almost in the same 
order for all the substances and its numerical value range is from is 1.3-1. 9, these are also 
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very much similar with experimental results in LiF [56] in all the rare earth 
Monochalcogenides. 

It is clear from Tables 7.23-7.25 tliat the values of Dshear is more than Diong for all the rare- 
earth monochalcogenides when the waves are propagating along <11 1> direction for 

longitudinal and shear wave polarized along <1 10> direction. The ratio of Ds/Di (shear wave 
polarized along <1 1 0> direction) is almost in the same order as that of other NaCl-type 
crystals [55,56]. The numerical value of Ds/Di varies from 1.3-1. 9 in all rare earth 
monochalcogenides is very much similar with experimental result of LiF [56] i.e.1.9. 

It is obvious from the Tables 7.26-7.34 and Figs. 7.5-7.7,7.1 1-7.14 and 7.17-7.29 that the 
ultrasonic absorption over frequency square due to p-p interaction (AMiiezer type damping) 
for all intermetallic compounds along <100>, <11 0> and <11 1> directions for longitudinal 
and shear waves increases 'svith temperatures from 100-500K. Also, the values of ultrasonic 
attenuation in Ce and Nd-monochalcogenides are appreciable at room temperature having the 
same order as in other intermetallic compounds evaluated by us. It can be seen from the 
Table 7.35, the experimental values of ultrasonic absorption coefficient in LiF (NaCl-type) at 
900MHz at room temperature is comparable with our evaluated values ultrasonic absorption 
in these intermetallics studied in this chapter at room temperature. 

However due to lack of experimental value in whole temperature range, the comparison 
could not possible for different temperatures. If we compare the quantum of attenuation in 
lead chalcogenides with rare-earth monochalcogenides, we find that attenuation values are 
much higher than those of rare-earth monochalcogenides, but order is nearly same [58] 
(comparison for <100> only). However in the case of lanthanum monochalcogenides, the 
values of ultrasonic attenuations are much larger than that of lead chalcogenide systems. 

As discussed, the non-linearity parameter ‘D’ (Acoustic coupling constants) does not 
much affect the temperature dependence of the attenuation. The behavior of temperature 
dependence of {a/f\h and (a<f^)Akh. is the same as that of total thermal conductivity of these 
intermetallics from 100-45 OK for La-monochalcogenidese, 100-500K for Pr- 
monochalcogenides. A distinct peculiarity of rare-earth intermetallic compounds is their 
lower electronic thermal conductivity with anomalous temperature dependence. The 
electronic thermal conductivity of these compounds decreases with temperatures as in the 
case of La & Pr-monochalcogenides [24,25]. Therefore the attenuation in these compotmds is 
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mainly due to lattice part of the thermal conductivity and it directly affects the temperature 
dependence of the attenuation in these materials. 

The ultrasonic attenuation over frequency due to thermoelastic loss is negligible due to 
low values of thermal conductivity as expected, since the order is the same as for other NaCl- 
type crystals [53,55,56]. 

It was confirmed by measurements that for temperatures below 500K, the attenuation is 
independent of the dislocation count and it has not been considered here [59]. With the many 
experimental and theoretical studies it is well established that p-p interaction mechanism is 
the dominating cause for attenuation in solids at higher temperaturessroom temperature [33- 
36,53,55,57] and electron-phonon is the cause for the attenuation at lower temperature below 
80K where free electrons are available in the metallic, intermetalics and semimetallics 
[42,52,60]. In the theory employing phonon-phonon interaction several approximations are 
made, which are valid at higher temperature [61,62]. One of them is that Eo=nEi , n is the 
number of modes and Ei is the thermal energy of i^'’ mode given by 

E, =(3hN,/u5,)j fu3du/(exp(hu/kT)-l)| 

0 

Where Nj is the total numbers of modes in the sector i Uqi is the cut off frequency 
(limiting) supported by lattice. 

Therefore, on the basis of above experimentally and theoretical established fact, we have 
evaluated ultrasonic attenuation in these materials at different temperatures establishing 
Mason-Bateman approach observing the effect of lattice thermal conductivity values at 
different higher temperatures. It is clear from the plotting graphs that the attenuation takes 
appreciable values at lower temperature (below lOOK) due to possible e-p interaction and 
appreciable values at higher temperature (>100K) due to possible p-p interaction. The 
behavior proves the fact that attenuation due to p-p interaction mechanism occurs mainly at 
room temperature and above and it goes down at lOOK. Since whole the computation is 
dependent of nearest neighbor distance and hardness parameter (Bom parameter), one may 
state that ultrasonic attenuation in these rare-earth intermetallics is very important 
characteristic property of the materials and it is also concluded that Mason theory is still 
good for the evaluation of ultrasonic attenuation due to e-p interaction at low temperature and 
due to phonon-phonon interaction and thermoelastic loss near to room temperature value for 
these rare-earth intermetallics. 
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Table 7.1 Calculated second order elastic constants (in 10”Dyne/cm^), density (p)[in g/cc], 


Vi and Vs (in lO^cm/s) at the temperature range 5-80K. 


Substance 

Temp.K-> 

5 

10 

20 

40 

60 

80 

LaS 

Cii 

4.6499 

4.6499 

4.6498 

4.6512 

4.6611 

4.6791 


C 44 

1.3435 

1.3435 

1.3434 

1.3436 

1.3441 

1.3448 


V, 

2.7862 

2.7885 

2.7932 

2.7983 

2.8060 

2.8161 


Vs 

1.4976 

1.4989 

1.5014 

1.5040 

1.5068 

1.5098 

LaSe 

Cii 

4.1990 

4.1990 

4.2000 

4.2055 

4.2233 

4.2475 


C 44 

1.0941 

1.0941 

1.0942 

1.0944 

1.0950 

1.0957 


V, 

2.5243 

2.5261 

2.5309 

2.5358 

2.5358 

2.5373 


Vs 

1.2805 

1.2895 

1.2915 

1.2936 

1.2919 

1.2984 

LaTe 

Cii 

3.7151 

3.7150 

3.7153 

3.7251 

3.7455 

3.7708 


C 44 

0.8514 

0.8514 

0.8514 

0.8517 

0.8522 

0.8527 


V, 

2.3408 

2.3425 

2.3443 

2.3509 

2.3609 

2.3724 


Vs 

1.1206 

1.1214 

1.1223 

1.1241 

1.1261 

1.1283 

Table 7.2 Electrical resistivity(R) in lO’^Qcm, viscosity(Tie) in lO'^poise 
attenuation due to e-p interaction [(ad^)i for longitudinal wave and (a^l^ls 
lO"' Vps^/cm, at the temperature range 5-80K. 

and the ultrasonic 
for shear wave] in 

Substance 

Temp.K-> 

5 

10 

20 

40 

60 

80 

LaS 

R 

1.000 

1.040 

1.170 

1.420 

1.670 

1.830 



1.1167 

1.121 

0.994 

0.814 

0.693 

0.631 


(p-'ht 

2.342 

2.247 

1.990 

1.632 

1.378 

1.245 



10.044 

10.017 

8.869 

7.278 

6.161 

5.5951 

LaSe 

R 

2.170 

2.250 

2.330 

2.501 

2.670 

2.750 


Tie 

0.469 

0.489 

0.469 

0.421 

0.395 

0.381 


(o/A 

1.195 

1.151 

1.147 

1.026 

0.958 

0.912 


(a//)s 

6.222 

5.990 

5.968 

5.350 

5.023 

4.820 

LaTe 

R 

1.420 

1.580 

1.710 

2.000 

2.330 

2.500 


Tie 

0.663 

0.595 

0.550 

0.469 

0.402 

0.374 


(a/A 

1.983 

1.779 

1.640 

1.392 

1.181 

1.086 



12.511 

11.225 

10.225 

8.816 

7.535 

6.991 
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Table-7.3 Second and Third Order Elastic Constants (SOEC & TOEC) in 

LaS at Temperature range 100K-450K 

10"Dyne/cm^ of 

SOEC 

&TOEC 

lOOK 

200K 

300K 

400K 

450K 

Cii 

4.700 

4.845 

5.007 

5.173 

5.266 

Ci 2 

1.261 

1.184 

1.106 

1.034 

0.985 

C 44 

1.346 

1.351 

1.356 

1.362 

1.365 

Cm 

75.516 

-76.129 

-76.905 

-77.727 

-78.13 

C112 

-5.191 

-4.929 

-4.665 

-4.401 

-4.249 

Ci 23 

1.764 

1.296 

0.828 

0.361 

0.052 

Ci 44 

2.248 

2.266 

2.283 

2.300 

2.311 

C166 

-5.486 

-5.507 

-5.530 

-5.555 

-5.569 

C456 

2.231 

2.231 

2.231 

2.231 

2.231 


Table-7.4 Second and Third Order Elastic Constants (SOEC &TOEC) of LaSe 
10 ’*Dyne/cm^ at temperature range 100K-450K . 


SOEC 

&TOEC 

lOOK 

200K 

300K 

400K 

450K 

Cn 

4.280 

4.430 

4.592 

4.757 

4.839 

C12 

1.021 

0.950 

0.879 

0.808 

0.772 

C 44 

1.097 

1.102 

1.106 

1.111 

1.113 

Cm 

-70.631 

-71.382 

-72.222 

-73.085 

-73.52 

C 112 

-4.143 

-3.860 

-3.577 

-3.294 

-3.152 

C 123 

1.413 

0.972 

0.532 

0.092 

-0.128 

Ci44 

1.868 

1.882 

1.897 

1.911 

1.918 

C 166 

-4.448 

-4.467 

-4.487 

-4.508 

-4.518 

C 456 

1.853 

1.853 

1.853 

1.853 

1.853 
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TabIe-7.5 Second and Third Order Elastic Constants (SOEC&TOEC) 10‘’Dyne/cm^ of LaTe 
at temperature range 100K-450K 


SOEC 

& TOEC 

lOOK 

200K 

300K 

400K 

450K 

Cii 

3.800 

3.950 

4.106 

4.264 

4.342 

Ci 2 

0.780 

0.710 

0.640 

0.569 

0.534 

C 44 

0.854 

0.857 

0.861 

0.864 

0.865 

Cm 

-64.825 

-65.602 

-66.442 

-67.298 

-67.73 

C 112 

-3.125 

-2.837 

-2.550 

-2.262 

-2.119 

Ci23 

1.002 

0.531 

0.061 

-0.410 

-0.645 

Ci44 

1.484 

1.496 

1.508 

1.519 

1.525 

C 166 

-3.429 

-3.445 

-3.461 

-3.477 

-3.485 

C 456 

1.472 

1.472 

1.472 

1.472 

1.472 


Table-7.6 Second and Third Order Elastic Constants (SOEC & TOEC) [10"Dyne/cm^] of 
PrS at temperature range 100K-500K 


Temp(K) 

100 

200 

300 

400 

500 

c„ 

4.757 

4.905 

5.069 

5.237 

5.409 

C12 

1.352 

1.279 

1.205 

1.132 

1.058 

C44 

1.432 

1.438 

1.443 

1.450 

1.456 

Cm 

-75.576 

-76.191 

-76.972 

-77.800 

-78.686 

C112 

-5.543 

-5.272 

-4.999 

-4.726 

-4.453 

Ci23 

1.936 

1.515 

1.095 

0.675 

0.255 

Ci 44 

2.374 

2.392 

2.411 

2.429 

2.447 

C166 

-5.849 

-5.871 

-5.896 

-5.922 

-5.949 

C456 

2.355 

2.355 

2.355 

2.355 

2.355 
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TabIe-7.5 Second and Third Order Elastic Constants (SOEC&TOEC) 10"Dyne/cm“ of LaTe 
at temperature range 1 00K-450K 


SOEC 

& TOEC 

Took 

200K 

300K 

400K 

450K 

Cu 

3.800 

3.950 

4.106 

4.264 

4.342 

C,2 

0.780 

0.710 

0.640 

0.569 

0.534 

C44 

0.854 

0.857 

0.861 

0.864 

0.865 

Oil! 

-64.825 

-65.602 

-66.442 

-67.298 

-67.73 

Cn2 

-3.125 

-2.837 

-2.550 

-2.262 

-2.119 

Ci23 

1.002 

0.531 

0.061 

-0.410 

-0.645 

Ci44 

1.484 

1.496 

1.508 

1.519 

1.525 

C166 

-3.429 

-3.445 

-3.461 

-3.477 

-3.485 

C456 

1.472 

1.472 

1.472 

1.472 

1.472 


TabIe-7.6 Second and Third Order Elastic Constants (SOEC & TOEC) [10”Dyne/cm^] of 
PrS at temperature range 100K-500K 


Temp(K) 

100 

200 

300 

400 

500 

Cii 

4.757 

4.905 

5.069 

5.237 

5.409 

C12 

1.352 

1.279 

1.205 

1.132 

1.058 

C 44 

1.432 

1.438 

1.443 

1.450 

1.456 

Cm 

-75.576 

-76.191 

-76.972 

-77.800 

-78.686 

Cn2 

-5.543 

-5.272 

-4.999 

-4.726 

-4.453 

Cl23 

1.936 

1.515 

1.095 

0.675 

0.255 

Ci44 

2.374 

2.392 

2.411 

2.429 

2.447 

Cl 66 

-5.849 

-5.871 

-5.896 

-5.922 

-5.949 

C456 

2.355 

2.355 

2.355 

2.355 

2.355 


no 


Table-7.7 Second and Third Order Elastic Constants (SOEC & TOEC) [10’'Dyne/cnr] of 
PrSe at temperature range 1Q0K-500K 


Temp(K) 

100 

200 

300 

400 

500 

Cu 

4.550 

4.651 

4.741 

4.945 

5.104 

Ci2 

1.142 

1.074 

1.001 

0.931 

0.859 

C44 

1.224 

1.228 

1.231 

1.237 

1.242 

Oil 1 

-73.102 

-73.331 

-73.375 

-74.639 

-75.418 

Cu2 

-4.639 

-4.396 

-4.118 

-3.848 

-3.572 

Ci23 

1.609 

1.185 

0.758 

0.332 

0.095 

C144 

2.056 

2.071 

2.087 

2.103 

2.119 

C166 

-4.990 

-5.002 

-5.013 

-5.042 

-5.064 

C456 

2.039 

2.039 

2.039 

2.039 

2.039 


Table- 7.8 Second and Third Order Elastic Constants (SOEC & TOEC) [10"Dyne/cm^] of 
PrTe at temperature range 100K-5Q0K 


Temp(K) 

100 

200 

300 

400 

500 

Cl, 

4.002 

4.120 

4.263 

4.413 

4.567 

C 12 

0.870 

0.803 

0.734 

0.666 

0.597 

C44 

0.944 

0.947 

0.951 

0.955 

0.959 

Cu, 

-66.779 

-67.205 

-67.897 

-68.67 

-69.484 

C112 

3.499 

-3.232 

-2.954 

-2.674 

-2.395 

C123 

1.173 

0.737 

0.300 

0.136 

-0.573 

Ci44 

1.623 

1.635 

1.648 

1.661 

1.673 

C 166 

-3.816 

-3.829 

-3.846 

-3.863 

-3.880 

C456 

1.610 

1.610 

1.610 

1.610 

1.610 
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Table 7.9 Second and third order elastic constants (in 10"Dyne/cm") of other 
monochalcogenides at room temperature 


Material-> 

CeS 

CeSe 

CeTe 

NdS 

NdSe 

NdTe 

Cii 

5.401 

4.723 

4.261 

5.728 

4.998 

4.762 

Cl2 

1.094 

0.943 

0.684 

1.180 

1.155 

0.708 

C44 

1.349 

1.174 

0.904 

1.446 

1.391 

0.952 

Cm 

-84.295 

-73.703 

-68.830 

-89.306 

-76.204 

-78.259 

C112 

-4.481 

-3.859 

-2.717 

-4.834 

-4.783 

-2.767 

Cl23 

0.799 

0.641 

0.172 

0.901 

1.013 

0.069 

Ci44 

2.298 

2.001 

1.580 

2.458 

2.331 

1.678 

C166 

-5.487 

-4.770 

-3.641 

-5.881 

-5.680 

-3.815 

C456 

2.246 

1.955 

1.544 

2.404 

2.278 

1.642 


Table 7.10 Density (p) in g/cc, thermal conductivity (K) in lO^erg/cm s K, specific heat (Cv) 
in lO^erg/cc deg. internal energy (Eq) in 10*erg/cc, longitudinal and shear velocities (Vi and 
Vs) in 10'”’cm/s, Debye average velocity (V) in lO^cm/s and thermal relaxation time (Tth)in 
10‘'’sec of LaS at the temperature range 100-450K 


Temp.K-> 

100 

200 

300 

400 

450 

P 

5.86 

5.80 

5.78 

5.77 

5.75 

K 

20.929 

25.115 

28.463 

29.301 

28.882 

Cv 

0.063 

0.073 

0.083 

0.084 

0.084 

Eo 

2.903 

10.206 

18.301 

26.647 

30.832 

V, 

2.832 

2.890 

2.943 

2.997 

3.026 

Vs 

1.515 

1.526 

1.532 

1.538 

1.541 

V 

2.084 

2.103 

2.114 

2.126 

2.132 

'^th 

2.309 

2.161 

2.308 

2.317 

2.263 
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Table 7.11_Density (p) in g/cc, thermal conductivity (K) in 1 O'*’ erg/cm s K, specific heat (Cv) 
in lO^erg/cc deg. internal energy (Eo) in lO^erg/cc. longitudinal and shear velocities (Vi and 
Vs) in lO^cm/s, Debye average velocity (V) in lO^cm/s and thermal relaxation time (Tth)in 
lO’^'sec of LaSe at the temperature range 100-450K 


Temp.K^ 

100 

200 

300 

400 

450 

P 

6.45 

6.31 

6.23 

6.13 

6.12 

K 

15.906 

19.673 

22.185 

24.278 

24.068 

Cv 

0.059 

0.070 

0.072 

0.073 

0.073 

Eo 

2.993 

9.583 

16.722 

23.957 

27.707 

V, 

2.560 

2.650 

2.715 

2.790 

2.812 

Vs 

1.304 

1.321 

1.333 

1.346 

1.349 

V 

1.805 

1.833 

1.852 

1.873 

1.878 


2.485 

2.519 

2.688 

2.844 

2.795 

Table 7.12 Density (p) 

in g/cc, thermal conductivity (K) in 

lO^erg/cm s K, specific heat (Cv) 

O 

in 10 erg/cc deg. internal energy (Eo) in 

lO^erg/cc, longitudinal and shear velocities (Vi and 

Vs) in lO^cm/s, Debye average velocity (V) in lO^cm/s and thermal relaxation time (Tth)in 
1 0'' ' sec of LaTe at the temperature range 1 00-450K 

Temp.K^ 

100 

200 

300 

400 

450 

P 

6.68 

6.56 

6.44 

6.32 

6.30 

K 

14.860 

18.627 

20.929 

22.185 

21.975 

Cv 

0.055 

0.061 

0.062 

0.062 

0.062 

Eo 

3.150 

8.996 

15.092 

21.092 

24.491 

V| 

2.385 

2.432 

2.479 

2.526 

2.550 

Vs 

1.131 

1.133 

1.135 

1.137 

1.139 

V 

1.577 

1.582 

1.588 

1.593 

1.596 

'^th 

3.289 

3.687 

4.036 

4.221 

4.153 
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Table 7.13 Density (p) in g/cc, thermal conductivity (K) in lO^erg/cm s K, specific heat (Cv) 
in lO^erg/cc deg. internal energy (Eq) in lO^erg/cc, longitudinal and shear velocities (V| and 
Vs) in lO^cm/s, Debye average velocity (V) in 10'"' cm/s and thermal relaxation time (xtiOin 
10'’'sec of PrS at the temperature range 100-450K 


Temp.K^ 

100 

200 

300 

400 

500 

P 

6.225 

6.201 

6.173 

6.160 

6.154 

K 

8.400 

11.574 

13.813 

15.400 

15.464 

Cv 

7.300 

8.430 

8.710 

8.770 

8.670 

Eo 

3.800 

11.850 

20.397 

29.101 

37.888 

Vt 

2.764 

2.813 

2.866 

2.916 

2.965 

Vs 

1.517 

1.523 

1.529 

1.534 

1.538 

V 

1.671 

1.679 

1.689 

1.695 

1.701 

'Cth 

1.237 

1.444 

1.671 

1.834 

1.849 


Table 7.14 Density (p) in g/cc, thermal conductivity (K) in lO^erg/cm s K, specific heat (Cv) 
in lO^erg/cc deg. internal energy (Eq) in lO^erg/cc, longitudinal and shear velocities (Vi and 
Vs) in lO^cm/s, Debye average velocity (V) in lO^cm/s and thermal relaxation time (Tth)in 
10'"sec of PrSe at the temperature range 100-450K 

Temp.K-^ 100 

200 

300 

400 

500 

P 

7.205 

7.102 

7.042 

6.932 

6.812 

K 

5.413 

7.280 

8.960 

9.520 

9.927 

Cv 

7.010 

7.760 

7.871 

7.812 

7.573 

Eo 

3.942 

11.357 

19.055 

26.546 

33.799 

V, 

2.513 

2.559 

2.595 

2.671 

2.737 

Vs 

1.303 

1.315 

1.322 

1.336 

1.350 

V 

1.442 

1.455 

1.464 

1.481 

1.498 


1.115 

1.329 

1.594 

1.668 

1.753 
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Table 7.15 Density (p) in g/cc. thermal conductivity (K) in lO^erg/cm s K, specific heat (C\') 
in 10 erg/cc deg. internal energy (Eo) in 10 erg/cc, longitudinal and shear velocities (V| and 
Vs) in lO^cm/s, Debye average velocity (V) in 1 O'"’ cm/s and thermal relaxation time (Tth)in 
10’’ 'sec of PrTe at the temperature range 100-45 OK 


Temp.K-> 

100 

200 

300 

400 

500 

P 

7.40 

7.305 

7.204 

7.101 

7.015 

K 

4.667 

6.347 

7.653 

8.400 

8.973 

Cy 

6.191 

6.624 

6.631 

6.583 

6.500 

Eo 

3.777 

10.162 

16.608 

22.925 

29.199 

V, 

2.324 

2.375 

2.433 

2.493 

2.552 

Vs 

1.129 

1.139 

1.152 

1.160 

1.169 

V 

1.254 

1.265 

1.280 

1.291 

1.302 

'^th 

1.440 

1.800 

2.113 

2.299 

2.443 


Table 7.16 Density (p) in g/cc, thermal conductivity (K) in lO^rg/cm s K, specific heat (Cv) 

0 0 

in 10 erg/cc deg. internal energy (Eo) in 10 erg/cc, longitudinal and shear velocities (Vi and 

Vs) in lO^cm/s, Debye average velocity (V) in lO^cm/s and thermal relaxation time (Tth)in 
10’" sec of other materials at room temperature. 

Material-> CeS 

CeSe 

CeTe 

NdS 

NdSe 

NdTe 

p 

5.928 

6.797 

6.957 

6.386 

7.765 

7.398 

K 

8.600 

6.720 

5.461 

10.084 

33.602 

5.074 

Cv 

8.456 

7.662 

6.450 

8.900 

8.592 

6.481 

Eo 

2.065 

1.921 

1.660 

2.155 

2.128 

1.338 

V, 

3.018 

2.636 

2.475 

2.995 

2.537 

2.537 

Vs 

1.509 

1.314 

1.140 

1.505 

1.338 

1.134 

V 

1.672 

1.455 

1.269 

1.667 

1.479 

1.264 


1.091 

1.239 

1.576 

1.222 

5.365 

1.468 
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Table 7.17 Average of ultrasonic Griineisen parameters (<yf*>i for longitudinal wave), 
average of square ultrasonic Griineisen parameters (<(Yf')">iong for longitudinal wave and 
<(yr')"^shear for shear wave) and acoustic coupling constants (Di for longitudinal wave and Ds 
for shear wa\'e) of the intermetallics at their temperature range along <100> cr>'Stallographic 
direction. 


Material 

Temp.[K] 

<Yr'> 

<(7/) >1 

<(y.-^)>s 

D, 

Ds 

LaS 

100 

0.519 

2.104 

0.139 

17.192 

1.251 


200 

0.501 

1.983 

0.138 

17.264 

1.243 


300 

0.484 

1.871 

0.136 

16.523 

1.223 


400 

0.467 

1.773 

0.134 

15.754 

1.200 


450 

0.457 

1.717 

0.133 

15.281 

1.970 

LaSe 

100 

0.519 

2.213 

0.135 

18.332 

1.221 


200 

0.499 

2.082 

0.134 

18.191 

1.203 


300 

0.481 

1.962 

0.132 

17.361 

1.190 


400 

0.464 

1.857 

0.131 

16.512 

1.170 


450 

0.456 

1.809 

0.130 

16.123 

1.170 

LaTe 

100 

0.519 

2.367 

0.132 

19.904 

1.192 


200 

0.502 

2.243 

0.131 

19.170 

1.182 


300 

0.482 

2.107 

0.129 

18.111 

1.163 


400 

0.464 

1.991 

0.128 

17.172 

1.151 


450 

0.451 

1.919 

0.124 

16.571 

1.123 


Table 7.18 Average of ultrasonic Griineisen parameters (<Yi^>! for longitudinal wave), 
average of square ultrasonic Griineisen parameters (<(yi’)^>iong for longitudinal wave and 
<(yi^)^^shear for shear wave) and acoustic coupling constants (Di for longitudinal wave and Ds 
for shear wave) of the intermetallics at their temperature range along <100> crystallographic 
direction. 


Material 

Temp.[K] 

<yJ> 


<(yr’) >s 

D, 

Ds 

PrS 

100 

0.519 

2.064 

0.142 

17.024 

1.278 


200 

0.501 

1.942 

0.140 

16.394 

1.260 


300 

0.483 

1.833 

0.138 

15.600 

1.242 


400 

0.462 

1.740 

0.137 

14.888 

1.233 


500 

0.452 

1.648 

0.134 

14.131 

1.206 

PrSe 

100 

0.511 

2.094 

0.136 

17.453 

1.224 


200 

0.496 

1.992 

0.135 

16.919 

1.215 


300 

0.482 

1.900 

0.134 

16.236 

1.206 


400 

0.464 

1.790 

0.132 

15.349 

1.188 


500 

0.448 

1.703 

0.131 

14.650 

1.178 

PrTe 

100 

0.514 

2.260 

0.133 

19.041 

1.197 


200 

0.496 

2.135 

0.132 

18.253 

1.188 


300 

0.478 

2.014 

0.130 

17.305 

1.170 


400 

0.461 

1.909 

0.129 

16.449 

1.161 


500 

0.446 

1.815 

0.128 

15.674 

1.152 
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Table 7.19 Average of ultrasonic Griineisen parameters (<Yr'>i for longitudinal wave), 
average of square ultrasonic Gruneisen parameters (<(yi'')">ioiig for longitudinal wa\'e and 
'^(yf')’^shear for sliear wa\'e) and acoustic coupling constants (Di for longitudinal wave and Ds 
for shear wave) of the intermetallics at room temperature along <100> crystallographic 
direction. 


Material 

<yJ> 

<(Yi')'>1 

<(y.'')”>s 

Di 

Ds 

CeS 

0.482 

1.933 

0.133 

11.142 

1.197 

CeSe 

0.481 

1.931 

0.133 

11.168 

1.197 

CeTe 

0.479 

2.078 

0.129 

17.900 

1.170 

NdS 

0.482 

1.930 

0.133 

16.567 

1.197 

NdSe 

0.483 

1.846 

0.137 

15.467 

1.233 

NdTe 

0.480 

2.161 

0.129 

18.445 

1.170 


Table 7.20 Average of ultrasonic Gruneisen parameters (<y,'^>i for longitudinal wave), 
average of square ultrasonic Gruneisen parameters (<(Yi’)^>iong for longitudinal wave, 
‘^(Yi')^^sheari for shear wave polarized along <00 1> direction and <(Yf’)^>shear 2 for shear wave 
polarized along <1 10> direction) and acoustic coupling constants (Dj for longitudinal wave, 
Dsi for shear wave polarized along <00 1> direction and Ds 2 for shear wave polarized along 

<11 0> direction) of the intermetallics at their temperature range along <11 0> 
crystallographic direction. 


Material 

Temp.[K] 

<Yf'> 

A 

V 

<(y,¥>si 

^(y/)"^s2 

D, 

Dsi 

Ds2 

LaS 

100 

-0.808 

2.905 

0.135 

4.020 

21.924 

1.212 

36.181 


200 

-0.767 

2.625 

0.31 

3.649 

20.897 

1.222 

33.115 


300 

-0.731 

2.433 

0.126 

3.474 

19.719 

1.135 

31.270 


400 

-0.696 

2.199 

0.122 

3.262 

17.960 

1.094 

29.357 


450 

-0.678 

2.094 

0.119 

3.080 

17.149 

1.072 

27.717 

LaSe 

100 

-0.798 

2.937 

0.082 

4.092 

22.485 

0.735 

36.823 


200 

-0.756 

2.646 

0.078 

3.938 

21.321 

0.703 

35.440 


300 

-0.716 

2.413 

0.075 

3.559 

21.714 

0.672 

32.027 


400 

-0.681 

2.224 

0.072 

3.334 

18.319 

0.645 

30.005 


450 

-0.665 

2.133 

0.070 

3.245 

17.620 

0.633 

29.208 

LaTe 

100 

-0.794 

3.030 

0.046 

3.598 

23.995 

0.411 

32.385 


200 

-0.748 

2.737 

0.044 

3.426 

22.771 

0.393 

30.830 


300 

-0.706 

2.531 

0.042 

3.252 

22.789 

0.379 

29.271 


400 

-0.657 

2.237 

0.041 

3.122 

18.617 

0.365 

28.101 


450 

-0.626 

2.095 

0.040 

3.078 

17.514 

0.359 

27.704 
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Table 7.21 Average of ultrasonic Griineisen parameters f<7f'>i for longitudinal wave), 
average of square ultrasonic Griineisen parameters (<(7i-')">iong for longitudinal wave, 
■^(yrO^^sheari for shear wave polarized along <00 1> direction and <(yrT>sb;ar: for shear wave 
polarized along <1 10> direction) and acoustic coupling constants (Di for longitudinal wave, 
Dsi for shear wave polarized along <001> direction and Ds: for shear wa\e polarized along 


<11 0> direction) of the intermetallics at their temperature range along <11 0> 
crystallographic direction. 


Material 

Temp.[K] 

<yJ> 

<(yf')">i 

<(Y.0'>si 

<(y.')'>s2 

D, 

Dsi 

Ds2 

PrS 

100 

-0.788 

2.262 

0.319 

3.081 

17.045 

2.871 

27.729 


200 

-0.755 

2.082 

0.286 

2.970 

16.401 

2.574 

26.730 


300 

-0.725 

1.921 

0.260 

2.870 

15.335 

2.340 

25.830 


400 

-0.686 

1.721 

0.225 

2.737 

14.017 

2.025 

24.633 


500 

-0.655 

1.604 

0.203 

2.633 

13.438 

1.287 

26.001 

PrSe 

100 

-0.788 

2.262 

0.319 

3.081 

17.045 

2.871 

27.729 


200 

-0.755 

2.082 

0.286 

2.970 

16.401 

2.574 

26.730 


300 

-0.725 

1.921 

0.260 

2.870 

15.335 

2.340 

25.830 


400 

-0.686 

1.742 

0.225 

2.737 

14.017 

2.025 

24.633 


500 

-0.655 

1.604 

0.203 

2.633 

13.438 

1.287 

26.001 

PrTe 

100 

-0.783 

2.338 

0.215 

3.403 

18.028 

1.935 

30.627 


200 

-0.744 

2.134 

0.193 

3.264 

17.043 

1.737 

29.376 


300 

-0.706 

1.944 

0.173 

3.124 

15.705 

1.577 

28.116 


400 

-0.670 

1.783 

0.156 

3.001 

14.501 

1.404 

27.009 


500 

-0.638 

1.645 

0.143 

2.889 

13.446 

1.289 

26.011 


Table 7.22 Average of ultrasonic Griineisen parameters (<y,'^>i for longitudinal wave), 
average of square ultrasonic Griineisen parameters (<(y,-')^>iong for longitudinal wave, 
<(yr’)^>sheari for shear wave polarized along <00 1> direction and <(yi^)^>shear 2 for shear wave 
polarized along <1 10> direction) and acoustic coupling constants (Di for longitudinal wave, 
Dsi for shear wave polarized along <001> direction and Ds 2 for shear wave polarized along 
<11 0> direction) of the intermetallics at room temperature along <11 0> crystallographic 
direction. 


Material 

<yJ> 

<(yf')'>i 

<(y/)^>si 


D| 

Dsi 

Ds2 

CeS 

-0.722 

1.934 

0.234 

2.936 

15.485 

2.106 

26.424 

CeSe 

-0.719 

1.923 

0.229 

2.940 

15.451 

2.061 

24.460 

CeTe 

-0.704 

1.984 

0.154 

3.253 

16.132 

1.386 

29.277 

NdS 

-0.724 

1.939 

0.241 

2.925 

15.503 

2.169 

26.325 

NdSe 

-0.732 

1.920 

0.2325 

2.750 

15.333 

2.925 

24.751 

NdTe 

-0.703 

2.047 

0.136 

3.415 

16.269 

1.260 

30.735 
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Table 7.23 Average of ultrasonic Griineisen parameters (<yf'>i for longitudinal wave), 
average of square ultrasonic Griineisen parameters ( <( yr' )'>iong for longitudinal wave and 
‘^(Yr')~^siicar for shear wave) and acoustic coupling constants {Di for longitudinal wave and Ds 
for shear wave) of the intermetallics at their temperature range along <1 1 1> crystallographic 


direction. (* shear w'ave polarized along <1 10>) 


Material 

Temp.[K] 

<yJ> 

<(Yf')->i 

<(Yf')'>s 

D. 

Ds 

LaS 

100 

-0.654 

1.522 

2.065 

18.586 

18.586 


200 

-0.626 

1.397 

1.977 

10.753 

17.793 


300 

-0.602 

1.285 

1.893 

10.095 

17.036 


400 

-0.581 

1.202 

1.855 

9.602 

16.698 


450 

-0.566 

1.144 

1.815 

9.112 

16.335 

LaSe 

100 

-0.650 

1.995 

2.621 

15.761 

23.582 


200 

-0.616 

1.796 

2.500 

14.633 

22.501 


300 

-0.589 

1.641 

2.394 

13.490 

21.547 


400 

-0.561 

1.496 

2.301 

12.363 

20.711 


450 

-0.551 

1.440 

2.217 

11.916 

19.951 

LaTe 

100 

-0.646 

1.523 

2.222 

10.550 

20.000 


200 

-0.617 

1.387 

2.126 

10.155 

19.130 


300 

-0.568 

1.267 

2.034 

10.155 

18.308 


400 

-0.566 

1.165 

1.953 

9.326 

17.578 


450 

-0.554 

1.119 

1.916 

8.975 

17.245 


Table 7.24 Average of ultrasonic Griineisen parameters (<yf’>i for longitudinal wave), 
average of square ultrasonic Griineisen parameters (<(y,-')^>iong for longitudinal wave and 
<(Y,J)^>shear for shear wave) and acoustic coupling constants (D| for longitudinal wave and Ds 
for shear wave) of the intermetallics at their temperature range along <1 1 1> crystallographic 


direction. (* shear wave polarized along <1 10>) 


Material 

Temp.[K] 

<yJ> 


<(yf’) >s 

D, 

Ds 

PrS 

100 

-0.630 

1.883 

2.005 

14.659 

18.045 


200 

-0.603 

1.723 

1.918 

13.955 

17.262 


300 

-0.578 

1.581 

1.837 

12.945 

16.533 


400 

-0.549 

1.463 

1.796 

12.077 

16.164 


500 

-0.533 

1.348 

1.695 

11.157 

15.255 

PrSe 

100 

-0.625 

1.848 

2.080 

14.548 

18.720 


200 

-0.602 

1.713 

2.007 

13.931 

18.063 


300 

-0.581 

1.592 

1.942 

13.073 

17.478 


400 

-0.555 

1.455 

1.855 

12.008 

16.695 


500 

-0.533 

1.348 

1.787 

11.174 

16.083 

PrTe 

100 

-0.639 

2.452 

2.300 

20.061 

20.700 


200 

-0.612 

1.768 

2.210 

14.448 

19.890 


300 

-0.585 

1.616 

2.118 

13.314 

19.062 


400 

-0.560 

1.486 

2.038 

12.264 

18.342 


500 

-0.538 

1.372 

1.965 

11.382 

17.685 
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Table 7.25 Average of ultrasonic Gruneisen parameters (<yr'>i for longitudinal wave), 
average of square ultrasonic Gruneisen parameters (<(Yr')''>iong fof longitudinal wave and 
^(Yr')~^shear for sheai' w'ave) and acoustic coupling constants (D| for longitudinal wa^■e and Ds 
for shear wave) of the intermetallics at room temperature along <11 1> crystallographic 

direction. (* shear wave polarized along <1 1Q>) 


Material 

<Yf'> 

<(Yr')^>i 

<(y.'')^>s 

D, 

Ds 

CeS 

-0.583 

1,606 

1.987 

13.202 

17.883 

CeSe 

-0.582 

1.598 

1.990 

13.166 

17.910 

CeTe 

-0.590 

1.646 

2.206 

13.600 

19.854 

NdS 

-0.584 

1.609 

1.979 

13.213 

17.820 

NdSe 

-0.578 

1.581 

1.859 

13.015 

16.731 

NdTe 

-0.600 

1.691 

2.316 

13.665 

20.844 


Table 7.26 Ultrasonic attenuation due to phonon-phonon interaction [(a/f^),4kh long for 
longitudinal wave and (a/f^)Akh shear for shear wave] and due to thermoelastic loss (a/f^)th of 
the intermetallics at their temperature range along <100> in 10' Np s"/cm. 


Crystal 

Temp.(K) 


2 

)Akh.long 

2 

)Akhshear 

LaS 

100 

0.482 

11.392 

2.712 


200 

1.432 

34.571 

8.716 


300 

1.612 

59.934 

16.333 


400 

2.021 

79.182 

27.381 


450 

2.114 

84.622 

42.921 

LaSe 

100 

0.684 

16.572 

4.172 


200 

1.482 

47.752 

13.132 


300 

2.241 

79.482 

28.851 


400 

2.913 

107.742 

35.216 


450 

3.112 

116.391 

39.651 

LaTe 

100 

1.192 

29.941 

8.401 


200 

2.851 

88.724 

26.931 


300 

4.421 

147.912 

49.532 


400 

5.801 

199.003 

73.181 


450 

6.102 

212.372 

80.881 
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Table 7.27 Ultrasonic attenuation due to phonon-phonon interaction [(a/f')Akh long for 
longitudinal wave and ( a/f“)Akh shear for shear wave] and due to thermoelastic loss (a/f')th of 
the intermetallics at their temperature range along <100> in IC'^Np s^/cm. 


Crystal 

Temp.(K) 

(a//)th 

7 

ip/f )Akh long 

7 

ip^f )Akhshear 

PrS 

100 

0.035 

7.301 

1.659 


200 

0.096 

24.400 

5.907 


300 

0.146 

43.917 

11.510 


400 

0.186 

62.411 

17.744 


500 

0.202 

74.095 

22.640 

PrSe 

100 

0.035 

8.048 

2.023 


200 

0.083 

25.747 

6.814 


300 

0.136 

48.096 

13.501 


400 

0.157 

61.742 

19.097 


500 

0.172 

74.563 

24.996 

PrTe 

100 

0.044 

13.360 

3.665 


200 

0.102 

40.873 

12.069 


300 

0.154 

70.256 

22.399 


400 

0.188 

94.565 

33.150 


500 

0.211 

115.151 

44.006 

Table 7.28 Ultrasonic attenuation due to phonon-phonon 

interaction [(a/f')Akh.!ongfor 

7 

longitudinal wave and (a/f')Akh.shear 

for shear wave] and due to thermoelastic loss (a/f")* of 

t q 

the intermetallics at room temperature along <100> in 10' Np s~/cm. 

Material 

(a'ha 


2 

)Akh.Iong 

2 

ip^f )Akhshear 

CeS 



18.481 

7.953 

CeSe 



25.625 

11.081 

CeTe 




17.826 

NdS 




8.693 

NdSe 



‘170.375 

45.375 

NdTe 



35.997 

12.793 
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Table 7.29 Ultrasonic attenuation due to phonon-phonon interaction l (a/T~)Akh long for 
longitudinal wave and (a/f“)Akh shem for shear wa\’e] and due to thermoelastic loss (a/f'),h of 
the intermetallics at their temperature range along <1 10> in 10'' ^Np s~/cm. 


Crystal 

Temp.(K) 


)Akh Iona 

(a//-)*Aklishearl 

{CL^f ) Akhshcar2 

LaS 

100 

1.170 

14.526 

2.621 

78.226 


200 

2.450 

43.303 

8.532 

223.065 


300 

3.687 

74.374 

15.177 

418.260 


400 

4.478 

93.978 

21.230 

569.587 


450 

4.652 

98.823 

23.395 

604.949 

LaSe 

100 

1.617 

10.250 

2.514 

125.905 


200 

3.399 

57.686 

7.666 

386.662 


300 

4.699 

102.991 

13.486 

642.531 


400 

6.286 

123.943 

19.346 

899.618 


450 

6.616 

131.958 

21.489 

991.604 

LaTe 

100 

2.841 

36.091 

2.900 

228.547 


200 

6.323 

105.363 

9.001 

705.360 


300 

9.490 

186.062 

16.139 

1245.39 


400 

11.655 

215.798 

23.152 

1784.56 


450 

11.705 

224.477 

25.821 

1993.66 


* shear wave polarized along <00 1> direction 


** shear wave polarized along <1 1 0> direction 


Table 7.30 Ultrasonic attenuation due to phonon-phonon interaction [(a/f^)Akh long for 
longitudinal wave and (a/f^)Akh,shcar for shear wave] and due to thermoelastic loss (a/f^)th of 
the intermetallics at their temperature range along <1 10> in 10'‘^Np s^/cm. 


Crystal 

Temp.(K) 

(a//)th 

2 

)Akh.lona 

)*Akhshearl 

) Akhshear2 

PrS 

100 

0.0100 

7.448 

5.667 

34.736 


200 

0.228 

24.961 

17.547 

121.335 


300 

0.339 

42.937 

29.359 

226.780 


400 

0.408 

59.125 

42.611 

343.738 


500 

0.443 

68.049 

45.451 

422.725 

PrSe 

100 

0.084 

7.860 

4.744 

45.820 


200 

0.192 

24.959 

14.436 

149.912 


300 

0.307 

45.426 

26.195 

289.154 


400 

0.342 

56.379 

32.551 

395.965 


500 

0.347 

68.394 

27.285 

551.239 

PrTe 

100 

0.103 

12.646 

5.925 

93.787 


200 

0.229 

38.161 

17.647 

298.451 


300 

0.336 

64.015 

30.116 

543.829 


400 

0.397 

83.647 

40.089 

771.194 


500 

0.433 

98.783 

49.163 

993.222 


* shear wave polarized along <00 1> direction 


^ shear wave polarized along <1 1 0> direction 
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Table 7.31 Ultrasonic attenuation due to phonon-phonon interaction [(a/f'inj, long for 
longitudinal wave and (a/f")Akii shear for shear wave] and due to thermoelastic loss (a '’f~)ti, of 
the intermetallics at their temperature range along <1 10> in 10''^Np s"/cm. 


Material 

(a</')th 

(cC'^‘')Akh long 

)*Akhshearl 

(^-7“)'Akhshear2 

CeS 

0.163 

29.351 

25.684 

175.559 

CeSe 

0.217 

35.453 

19.079 

244.947 

CeTe 

0.226 

48.035 

21.117 

446.054 

NdS 

0.185 

28.561 

15.752 

191.185 

NdSe 

1.191 

165.692 

107.641 

910.805 

NdTe 

0.174 

31.750 

5.555 

185.924 


* shear wave polarized along <00 1> direction 
^ shear wave polarized along <1 io> direction 

Table 7.32 Ultrasonic attenuation due to phonon-phonon interaction [(a/f“)Akh long for 
longitudinal wave and (a/f^)Akh shear for shear wave] and due to thermoelastic loss (a/f")th of 
the intermetallics at their temperature range along <1 1 1> in lO'^^Np s^/cm. 


Crystal 

Temp.(K) 

(a//)th 

2 

(C(/f )Akh.long 

{(X^f ) Akhshear 

LaS 

100 

0.077 

0.724 

4.019 


200 

0.163 

2.228 

12.523 


300 

0.250 

3.622 

22.787 


400 

0.312 

5.024 

31.393 


450 

0.325 

5.251 

35.653 

LaSe 

100 

0.106 

0.508 

6.838 


200 

0.227 

2.747 

20.872 


300 

0.312 

4.817 

36.731 


400 

0.434 

6.309 

52.703 


450 

0.459 

6.722 

58.547 

LaTe 

100 

0.190 

2.371 

16.642 


200 

0.429 

6.771 

51.481 


300 

0.661 

11.018 

91.678 


400 

0.850 

12.363 

131.525 


450 

0.907 

15.272 

143.579 


* shear wave polarized along <1 10> direction 
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Table 7.33 Ultrasonic attenuation due to phonon-phonon interaction [(a/f~)Akh long for 
longitudinal wave and (a/f")Akii shear for shear wave] and due to thermoelastic loss (a/t")th ot 
the intemietallics at their temperature range along <1 1 1> in IC'^Np s^/cm. 


Crystal 

Temp.(K) 

(cx//)th 

2 

((X{/ )Akh long 

) Akhshear 

PrS 

100 

0.060 

6.287 

23.427 


200 

0.139 

21.016 

81.885 


300 

0.209 

36.442 

153.216 


400 

0.257 

50.627 

232.612 


500 

0.281 

58.502 

286.378 

PrSe 

100 

0.053 

6.708 

30.933 


200 

0.122 

21.200 

101.304 


300 

0.197 

38.726 

195.658 


400 

0.224 

48.298 

268.365 


500 

0.243 

56.873 

340.971 

PrTe 

100 

0.068 

14.075 

63.388 


200 

0.155 

32.352 

202.076 


300 

0.231 

54.270 

368.703 


400 

0.277 

70.677 

523.722 


500 

0.308 

83.617 

675.556 

* shear wave polarized along < 1 1 0> direction 


Table 7.34 Ultrasonic 

attenuation due to phonon-phonon 

interaction [(a/f^)Akh long for 

longitudinal wave and (a/f^)Akh shear 

for shear wave] and due to thermoelastic loss (a/f")th of 

the intermetallics at room temperature along <1 1 1> in lO^'^Np sVcm. 

Material 

(a//)th 


2 

)Akh.long 

(^o/f ) Akhshear 

CeS 

0.073 


18.481 

7.953 

CeSe 

0.097 


25.625 

11.081 

CeTe 

0.105 


53.299 

17.826 

NdS 

0.083 


30.410 

8.693 

NdSe 

0.519 


170.375 

45.375 

NdTe 

0.081 


35.997 

12.793 
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* shear wave polarized along <n0> direction 

Table7.35 Comparison of ultasonic absorption coeffient (a) in dB/psec of intermetallics 
with LiF at room temperature at 900MHz 


Material <100>i <100>s <110>i <110>si <110>s2 <ni>i <111>S3 


LiF(exp.) 

3.5 

0.8 

1.3 

0.8 

10.0 

0.8 

5.0 

LaS 

1.3 

0.2 

1.5 

0.2 

4.5 

0.1 

0.3 

LaSe 

1.5 

0.3 

2.0 

0.1 

6.0 

0.1 

0.4 

LaTe 

2.6 

0.4 

3.3 

0.1 

10.0 

0.2 

0.8 

PrS 

0.9 

0.1 

0.9 

0.3 

2.5 

0.7 

1.7 

PrSe 

0.9 

0.1 

0.8 

0.3 

2.7 

0.7 

1.8 

PrTe 

1.2 

0.2 

1.0 

0.3 

4.4 

1.5 

3.0 

CeS 

0.5 

0.1 

0.6 

0.3 

1.9 

0.5 

1.3 

CeSe 

0.5 

0.1 

0.7 

0.2 

2.3 

0.6 

0.6 

CeTe 

1.0 

0.2 

0.8 

0.2 

3.6 

0.7 

2.4 

NdS 

0.2 

0.1 

0.6 

0.2 

2.0 

0.1 

0.1 

NdSe 

3.0 

0.4 

3.0 

1.0 

8.6 

1.3 

5.8 

NdTe 

0.6 

0.1- 

0.6 

0.1 

0.01 

0.1 

0.01 


Where subscripts having meaning in following manner with their crystallographic directions: 
1-stands for longitudinal wave, 
s- stands for shear wave, 

si - stands for shear wave polarized along <00 1> direction 
s2- stands for shear wave polarized along <1 10> direction 
s3- stands for shear wave polarized along <1 10> direction 
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Fig.7.1 (a/f^)iongVS temperature 


Fig. 7.2 (a/f^)shear vs temperature 



Temperature[K] 


Fig. 7.3 D| vs. temperature along <100> 
direction 


Fig. 7.4 Ds vs. temperature along 
<100> direction 
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Fig. 7. 8 D| vs. temperature along <11 0> direction 
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Fig. 7.9 Dsi vs. temperature along <1 10> direction with polarized 

along <001 > direction. 



Fig.7.10 Ds2 vs. temperatur^^l^ng <1 10> direction polarized 
along <11 0> direction. 
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Fig. 7.1 1 (a/f^)th vs. temperature along <11 0> direction 



Fig. 7. 1 2 (a/f^)Akh.iong vs. temperature along <1 1 0> direction 
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Fig.7.13 (a/f^)Akh.shear vs. temperature along <11 0> direction 
polarized along <001 > direction. 
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Temperature (K) 

Fig. 7. 14 (a/f^)Akh.shear vs. temperature along <1 10> direction 
polarized along <110> direction. 
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Fig. 7.1 5 D| vs temperature for longitudinal wave along <1 11> 

direction 
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Fig. 7. 16 Ds vs. temperature for shear wave along <111>direction 
and shear wave polarized along <Tl0> direction 
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Fig. 7.17 (a/f^)th vs.temperature along <111>direction 
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Fig.7.19 (a/f^)Akh shear VS. temperature along <111>direction 
polarized along <11 0> direction 
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Fig .7.20 (a/f^)th vs. temperature along<100> direction 
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Fig. 7. 21 (a/f^)Akh.iong vs temperature along <100> direction 
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Fig. 7.22 (a/^Vh. shear vs. temperature along <100> direction 
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Fig. 7.23 (a/f^Xh vs. temperature along <11 0> direction 
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Fig.7.24 (a/f )Akh long.vs temperature along <11 0> direction 
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Fig.7.25 (a/f\kh sheari vs temperature along<110> direction 
polarized along <001>direction 
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Fig. 7.26 (a/f\kh.shear 2 vs. temperature along <11 0> direction 
polarized along<110> 
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Fig.7.27 (a/f\h vs temperature along <11 1> direction 
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Fig. 7.28 (a/f^)Akh.iong.vs temperature along <111>direction 



Temperature[K] 

Fig. 7.29 (a/f^)Akh.shear vs temperature along <1 1 1> direction 
polarized along <Tl0>direction 
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CHAPTERS 


Ultrasonic Attenuation in Semi-Metallic Single 

Crystals 


8.1 Introduction 

Ultrasonic absorption coefficient can be used for non-destructive testing technique to 
characterize the materials [1-7]. A review [8] of these studies shows that the ultrasonic 
attenuation varies from substance to substance in different crystallographic directions and 
temperatures. At room temperature (s300K) and above, the phonon-phonon interaction is 
the most dominant factor contributing to ultrasonic attenuation in almost all type of solids 
viz. metallic, dielectric and semiconducting materials. In the low temperature region in 
metals the most important factor contributing to ultrasonic attenuation is the electron- 
phonon interaction. In the low temperature region, the electron mean free path increases 
and is of the same magnitude as the mean free path of acoustic phonons at high 
frequency. 

Although a number of studies have been made in metallic, dielectric and 
semiconducting crystals due to electron-phonon interaction, phonon-phonon interaction 
and thermoelastic loss at higher temperatures. An attempt has been made in semi-metallic 
single crystals rare-earth Gadolinium Monopnictides GdX(X=P,As,Sb and Bi) and 
Neptunium telluride(NpTe) in the present investigation. 

The rare-earth monopnictides RX (X=N, P, As, Sb and Bi) are quite interesting as the 
observed anomalous physical properties of these semimetallics have been attracted much 
attention in recent years [9-12], because they are the typical low carrier, strongly 
correlated system with simple NaCl structure. A weak overlap between the bottom of the 
conduction band and top of the valence band is sufficient to turn these materials into 
semimetals with low carrier concentration [13,14]. Gd monopnictides are the simplest 
series, because Gd is located in the centre of the rare-earth metals in the periodic table of 
the elements; the Gd ion appearing in GdX has 4f configuration and is an ion with spin 
7/2 and no orbital momentum. The crystalline electric field effect in GdX is considered to 
be fairly worked. NpTe has been associated with semimetallic behaviour. In NpTe the 
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resistivity decreases towards lower temperatures below a small maximum near 30K. 
which is typical for a metal and due to phonons. According to the Luttinger theorem [16] 
(as interpreted by Martin and Allen [17]) the sum of f and d electrons is even. This 
statement has been checked and verified for 50 compounds [18]. For NpTe this sum is 
odd, either 5f^ or Sf'bd’ or anything in between. Thus in spite of f-d hybridization and 
possibility of hybridization gap, in NpTe the Fermi level will not be in this gap, and 
indeed NpTe has no activated resistivity behaviour. 

The behaviour of ultrasonic attenuation in GdP, GdAs, GdSb, GdBi and NpTe single 
crystals have been studied in the present work . 

Behaviour of ultrasonic attenuation due to electron-phonon interaction in these semi- 
metals has been studied from 2K to 80K. Ultrasonic attenuation due to phonon-phonon 
interaction and due to thermoelastic loss in these materials have been studied at the 
temperature range 100K-300K along <100>, <1 10> and <1 1 1> orientations. 

8.2 Theory 

8.2.1 Temperature dependence of second and third order elastic constants 

The second and third order elastic constants are obtained at OK following Brugger’s 
[19] definition starting with hardness parameter and nearest neighbor distance and 
assuming Coulomb and Bom-Mayer potential (article 2.2 in chapter II). The anharmonic 
theory of lattice dynamics is supplied for such derivation. The approach developed by 
Leibfried and Haln [20] and Mori and Hiki [21] is used here (article 2.2 in chapter II). 
Formula for Various elastic constants are found as 

r.. = rP + r;y‘*^ 

. ( 8 . 1 ) 

C' — P® 4 - pVib 
^ijk ~ ^ijk + Viji[ 


Cy ’^and are shown in Table 2.4-2.6 in chapter II. 

All the evaluated elastic constants are presented in Tables 2.2 and 2.3 in chapter II). 

8.2.2 Theory of ultrasonic attenuation 

It is well established that the ultrasonic attenuation is the temperature dependent 
property (as in preceding chapters). At low temperature e-p interaction is most 
dominating in metals, while phonon-phonon interaction is the most effective at higher 
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temperatures in all type materials. The expressions for attenuation in different 
temperature region are discussed in Article 2.4 of chapter II. 

(i) At low temperatures (2K-80K) the ultrasonic absorption coefficient over 
frequency square (a/f“) is given as: 


, _2x 27C^ a . 

(a/f )long= 

pV| 3 

for longitudinal wave 

(8.2) 

(a/f^)shear= ,,3 
pVs 

for shear wave 

(8.3) 


(ii) At higher temperature (100-300K) ) the ultrasonic absorption coefficient over 
frequency square (alf) is given as: 

(a) due to Akhiezer loss 

(a/f^)long = — — ^ for longitudinal wave (8.4) 


2pVs 

(b) due to thermoelastic loss 

a Ivp- < {ylf > KT 

(a/f^h= 

pVi 


for shear wave 


(8.5) 


( 8 . 6 ) 


where symbols have their meaning given in section B of chapter II. 

8.3 Evaluations, results and discussions: 

The ultrasonic absorption due to electron-phonon interaction, phonon-phonon 
interaction and thermoelastic relaxation is evaluated using nearest neighbor distance and 
hardness parameter for these semi-metallics GdP, GdAs, GdSb, GdBi and NpTe in the 
temperature range 2-3 OOK. Proceeding with first part Cu and Cuk at different temperatures 
are evaluated from nearest neighbor distance [22,23,24] ro=2.8545A*’, 2.9532A°, 
3.1 095 A°, 3.1 475 A° and 3.125A° for GdP, GdAs, GdSb, GdBi and NpTe and hardness 
parameter[25] b=0.302 A° for Gadoliniunm Monopnictides (GdX) and b=0.311 A° for 
NpTe. The SOEC and TOEC have been evaluated at different temperatures using the 
expressions as given in Tables 2.2,-2.6 of chapter II. SOEC at low temperatures using 
fi-om 5K to 80K are presented in Tables 8.1-8. 5 for GdP, GdAs, GdSb , GdBi and NpTe 
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respectively. The ultrasonic velocities for longitudinal and shear waves is evaluated with 
eqn.(2.39) in chapter II. 

The evaluated Vi and Vs and p are presented in Tables 8.6-8.10. Electronic viscosity 
(rie) has been calculated with the eqn. (2.42) in chapter II using electrical resistivity from 
the literature [22,24,15]. Ultrasonic absorption coefficient due to electron-phonon 
interaction has been calculated at temperature range 2K-80K using the eqns. (8.2) and 
(8.3). The values of electrical resistivity (R), electronic viscosity (tie) and ultrasonic 
absorption coefficient over frequency square [(a/f^)iong for longitudinal wave and (a/I^)shear 
for shear wave] are presented in Tables 8.1 1-8.15 Fig. 8.1-8.10. SOEC and TOEC of these 
semimetallics at lOOK, 200K and 300K are presented in Tables 8.16. Which have been 

used to obtain Grtineisen parameters [8] <Yj> and <(Yj)^> along <100> direction for 

longitudinal wave over 39 modes and for shear wave over 18 modes; along <11 0> 
direction for longitudinal wave over 39 pure mode, for shear wave polarized along <00 1> 

direction over 14 modes & for shear wave polarized along <1 10> direction over 20 modes 
and along <11 1> direction for longitudinal wave over 39 pure mode & for shear wave 
polarized along <11 0> direction over 14 modes using Grtineisen Table [8] presented in 
Appendix A. The thermal conductivity is evaluated with resistivity data [22,24 and 27] 
using Wiedeman-Franz law [26]. Thermal relaxation time (tth) has been evaluated taking 
thermal conductivity with eqn.(2.65) as in the chapter II. Specific heat per volume (Cv), 
energy density (Eq) of the materials have been evaluated as a function of 0d/T from AIP 
Hand book [27], where 0 d is Debye temperature and T is the Kelvin temperature. The 
evaluated values of p, K, Cv, Eq, V|, Vs, V and Xth are presented in Table 8.17. The 
acoustic coupling constants (Di for longitudinal wave and Ds for shear wave) have been 
calculated using Grtineisen parameters <yI>, <(ylf>t and <(y^)^>s with eqn. (2.80) in 

chapter II. The evaluated values of Grtineisen parameters <Yj>, ^(Yj)^^i <(Yi)^>s 

and non-linearity parameters ( acoustic coupling constants) (Di for longitudinal wave and 
Ds for shear wave) are presented in Tables 8.18-8.20 along <100>, <110> and <11 1> 
crystallographic directions respectively. The ultrasonic absorption coefficient over 
frequency square due to Akhiezer loss [(oc/f^)iong for longitudinal wave and (a/f^)shear for 
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shear wave] is evaluated using eqns.(8.4) and (8.5). The ultrasonic absorption coefficient 
over frequency square due to thermoelastic loss (a/f“)th is evaluated using eqn.(8.6). The 
values of (a/f^)th, (a/f“)iong and (a/f^)shear are presented in Tables 8.21,8.22 and 8.23 along 
<100>, <1 10> and <1 1 1> crystallographic directions. 

It is obvious from the Tables 8. 1-8.5 and 8.16 that the order of second and third order 
elastic constants in these materials is the same as other NaCl-type single crystals 
Lanthanum Monochalcogenides [28]. In NpTe one may compare the results of SOEC and 
TOEC with the Table 8.24. Although present results of Cn and C 12 are very low in 
comparison to the results obtained by ultrasonic measurement [24]. The value of bulk 

modulus of NpTe ( B=-j(Ci| + 2 C 12 ) ) is also low in comparison to results obtained by 

ultrasonic measurement [24] and the bulk modulus derived from X-ray data under 
pressure [27]. But the orders of all elastic constants are same as expected for NaCl-type 
single crystals. 

It is obvious from the eqn.(2.42),that the electronic viscosity (r|e) is inversely 
proportional to resistivity (R). As the semimetallic materials GdP, GdAs, GdSb, GdBi 
and NpTe have fewer carrier electrons, the electrical resistivity values are quite high and 
evaluated pe is small in general for all semimetallic materials GdP, GdAs, GdSb, GdBi 
and NpTe. The ultrasonic attenuation for both longitudinal and shear waves is directly 
proportional to pe- Thus, ultrasonic attenuation in these semimetallics is very low in 
comparison to pure metals, as expected due to large values of resistivity of these 
materials. Due to the smaller number of free carrier electrons available, the ultrasonic 
attenuation arising from electron-phonon interaction in these Gadolinium monopnictides 
and Neptunium telluride is very small in general. The ten curves (Figs. 8.1-8.10) for 
ultrasonic absorption coefficients over frequency square as a function of temperature 
(s80K) are quantitatively similar. At low temperatures the ultrasonic absorption 
coefficient, firstly decreases rapidly with increasing temperature and show a kink at just 
above Neel temperature Tn. (Figs. 8.1-8.10). At higher temperature the ultrasonic 
attenuation is linear with temperature except in case of NpTe. It is clear from the Table 
8.15 and Figs. 8.5 and 8.10 that the value of ultrasonic attenuation due to e-p interaction 
in NpTe is decreased upto Neel temperature and then increased. The Neel temperature as 
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determined from the derivative are found to be 15.9K, 18.7K, 23.4K, 25.8K and 30K 

ai 

for GdP, GdAs, GdSb, GdBi and NpTe respectively. Although for GdP and GdAs 
electrical resistivity kinks in the curve of R vs. T appears exactly at the Neel temperature 
Tn (15. 9K and 18.7K)[22], in plots of ultrasonic attenuation vs. temperature kinks appear 
just above the Neel temperature, approximately at 20K (Figs.8. 1-8.4) because of the 
elastic behavior as shown with values of SOEC in Table-8.1 and Table 8.2. It can be 
understood with Tables 8.11-8.15 that the shear wave attenuation (aJf)s in GdX and 
NpTe is greater than ultrasonic attenuation for longitudinal waves (a/f^)i. For GdP and 
GdAs the metal like behavior of curves (Figs. 8. 1-8.4) [(a/f^) vs. temperature (T)] 
appears above Tl« 70K and 65K respectively. In the temperature range between Tn and 
Tl, a(T) deviate from the linear behavior. For GdSb, GdBi and NpTe however, the linear 
behaviour of a(T) remains even when T is decreased near to Tn, i.e. Tl« Tn. Although 
the attenuation in these Gadolinium Monopnictides GdX (X=P, As, Sb and Bi) and 
Neptunium Telluride (NpTe) is smaller than the pure metals, yet the trend of temperature 
dependence of (a) is the same nature as for metals, except for some anomalous kinks due 
to anomalous physical parameters observed in the rare-earth materials. 

It is clear from the Table 8.17 that the evaluated thermal relaxation time (xth) is of the 
order of 10'^ 'sec. for Gd-monopnictides and picosecond for Np-telluride, which is 
expected as in previous NaCl-type materials. All the semimetallics GdP, GdAs, GdSb, 
GdBi and NpTe are materials with metallic bonding possessed well-developed structure 
of NaCl-type [22,24]. 

The variation of acoustic coupling constant (D) with temperature is shown in Tables 
8.18-8.20 for all these materials. The acoustic coupling constants (i.e. non-linearity 
parameter) ‘D’ is decreasing with very small values as the temperature increases. The 
value of ‘D’ does not vary much with temperature. Therefore it does not affect very much 
the temperature dependence of ultrasonic attenuation in these semimetallics. The value of 
acoustic coupling constant for longitudinal wave (Di) is more than acoustic coupling 
constant for shear wave (Ds) for all semimetallics along <100> and <11 0> (in which 
shear wave polarized along <001>direction) crystallographic directions, while the value 
of acoustic coupling constant for longitudinal wave (Di) is less than acoustic coupling 
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constant for shear wave (Ds) for all semimetallics along <11 0> (shear wave polarized 
along <11 0> and <110>(in which shear wave polarized along < 1 1 0>direction) 
crystallographic directions. The ratio Di/ Ds along <100> is about 13-15 and Di/ Dsi 
along <110>(in which shear wave polarized along <001>direction) is about 10-14 for all 
semimetallics. The ratio Dsa/ D| along <110>(in which shear wave polarized along 

<1 10> direction) is about 1.2-1. 5 and Ds/ Di along <1 1 l>(in which shear wave polarized 

along <1 10> direction) is about 1.3- 1.5 for all semimetallics, which is expected as other 
rock-salt type materials [28,29]. 

It is clear from the Tables 8.21-8.23 and Figs. 8.11-8.20, that the ultrasonic 
attenuation due to phonon-phonon interaction (a/f^)Akh increases with temperature. An 
appreciable higher value appears at room temperature, it goes down near 1 OOK, where the 
phonon-phonon interaction ceases. No experimental data are available for the comparison 
of these results directly. So the results are compared with NaCl-type materials. The 
values of ultrasonic absorption coefficient over frequency squa re due to Akhiezer loss 
for longitudinal and shear waves in these semi-metallic compounds, are compared with 
NaCl, KCl and KBr in Table 8.25. From the Table 8.25 it is very clear that results of 
present investigation of the semimetallics is very similar the experimental results 
obtained by Merkulov et al. [30] using pulse-echo technique at room temperature for 
NaCl, KCl and KBr at lOOMHz. 

It is clear from the Tables 8.21-8.23 and Figs 8.1 1-8.20, the ultrasonic attenuation due 
to thermoelastic relaxation (a/f^)th increases with temperature also, but (a/f®)th is 
neglegible as compared to (a/f^)Akh. and order of (a/f^)th is same as in intermetallics [28]. 

Thus our present theoretical approach is valid for the study of behaviour of ultrasonic 
absorption and other related parameters in the semimetallics at different temperatures and 
along different orientations. 
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Table 8.1 Calculated second order elastic constants(SOEC)(10”Dyne/cm") of GdP at 
temperature range 2-80K 


Temperature(K) 

Cii 

Cl2 

C44 

2 

5.149 

1.370 

1.407 

5 

5.149 

1.370 

1.407 

10 

5.149 

1.370 

1.407 

20 

5.149 

1.370 

1.407 

30 

5.149 

1.368 

1.407 

40 

5.150 

1.365 

1.407 

50 

5.157 

1.359 

1.408 

60 

5.160 

1.352 

1.408 

70 

5.169 

1.345 

1.408 

80 

5.180 

1.338 

1.408 


Table 8.2 Calculated second order elastic constants(SOEC)(10"Dyne/cm^) of GdAs at 
temperature range 2-80K 

T emperature(K) C 1 1 

C12 

C44 

2 

4.825 

1.225 

1.250 

5 

4.825 

1.225 

1.250 

10 

4.825 

1.225 

1.250 

20 

4.825 

1.225 

1.250 

30 

4.826 

1.220 

1.250 

40 

4.831 

1.214 

1.250 

50 

4.839 

1.207 

1.251 

60 

4.850 

1.199 

1.251 

70 

4.862 

1.191 

1.252 

80 

4.876 

1.184 

1.252 
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Table 8.3 Calculated second order elastic constants(SOEC)(10'’Dyne/cnr) of GdSb at 
temperature range 2- 8 OK 


Temperature(K) 

c„ 

C,2 

C 44 

2 

4.041 

0.842 

0.861 

5 

4.041 

0.842 

0.861 

10 

4.041 

0.841 

0.861 

20 

4.042 

0.840 

0.861 

30 

4.045 

0.835 

0.861 

40 

4.052 

0.828 

0.861 

50 

4.062 

0.821 

0.861 

60 

4.074 

0.813 

0.861 

70 

4.087 

0.806 

0.862 

80 

4.101 

0.799 

0.863 


Table 8.4 Calculated second order elastic constants(SOEC)(10''Dyne/cm^) of GdBi at 
temperature range 2-80K 

T emperature(K) C 1 1 

C,2 

C 44 

2 

4.123 

0.900 

0.917 

5 

4.123 

0.900 

0.917 

10 

4.122 

0.900 

0.917 

20 

4.123 

0.898 

0.917 

30 

4.124 

0.889 

0.917 

40 

4.134 

0.885 

0.917 

50 

4.143 

0.878 

0.918 

60 

4.154 

0.871 

0.918 

70 

4.166 

0.863 

0.918 

80 

4.179 

0.856 

0.919 
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Table 8.5 Calculated second order elastic constants(SOEC)(10’' Dyne/cm') of NpTe at 
temperature range 2-80K 


Temperature(K) 

C]1 

C\2 

C44 

2 

3.972 

0.940 

0.956 

5 

3.972 

0.940 

0.956 

10 

3.972 

0.939 

0.956 

20 

3.972 

0.938 

0.956 

30 

3.976 

0.932 

0.956 

40 

3.985 

0.926 

0.956 

50 

3.995 

0.919 

0.957 

60 

4.007 

0.912 

0.957 

70 

4.020 

0.905 

0.957 

80 

4.034 

0.898 

0.958 


Table 8.6 Ultrasonic velocity V| for longitudinal wave , 

(p) of GdP at temperature range 2-80K. 

, Vs for shear wave and density 

Temperature(K) 

V,(10Ws) 

Vs(lO^cmys) 

p(g/cc) 

2 

2.765 

1.445 

6.733 

5 

2.765 

1.445 

6.733 

10 

2.765 

1.445 

6.733 

20 

2.765 

1.445 

6.733 

30 

2.765 

1.445 

6.732 

40 

2.766 

1.446 

6.731 

50 

2.768 

1.446 

6.727 

60 

2.772 

1.447 

6.725 

70 

2.773 

1.447 

6.723 

80 

2.776 

1.448 

6.723 
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Table 8.7 Ultrasonic velocity V| for longitudinal wave . Vs for shear wave and densit> 
(p) of GdAs at temperature range 2-80K. 


Temperature(K) 

V|(10"cm/s) 

VsClO'cnVs) 

p(g/cc) 

2 

2.509 

1.277 

7.662 

5 

2.509 

1.277 

7.662 

10 

2.5093 

1.277 

7.662 

20 

2.509 

1.277 

7.662 

30 

2.509 

1.277 

7.661 

40 

2.511 

1.278 

7.660 

50 

2.513 

1.278 

7.659 

60 

2.516 

1.278 

7.658 

70 

2.523 

1.279 

7.657 

80 

2.523 

1.279 

7.656 


Table 8.8 Ultrasonic velocity Vj for longitudinal wave 

(p) of GdSb at temperature range 2-80K. 

, Vs for shear wave and densit}’ 

Temperature(K) Vi (1 O^cm/s) 

Vs(10^cm/s) 

p(g/cc) 

2 

2.288 

1.056 

7.719 

5 

2.288 

1.056 

7.719 

10 

2.288 

1.056 

7.719 

20 

2.288 

1.056 

7.719 

30 

2.289 

1.056 

7.718 

40 

2.291 

1.056 

7.717 

50 

2.294 

1.056 

7.716 

60 

2.297 

1.056 

7.715 

70 

2.301 

1.057 

7.713 

80 

2.306 

1.057 

7.712 
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Table 8.9 Ultrasonic velocity V| for longitudinal wave , Vs for shear wa\'e and density 
(p) of GdBi at temperature range 2-80K. 


Temperature(K) 

Vi(lOWs) 

Vs(10"cm/s) 

P(g/cc) 

2 

2.055 

0.969 

9.760 

5 

2.056 

0.969 

9.760 

10 

2.055 

0.969 

9.760 

20 

2.055 

0.969 

9.759 

30 

2.055 

0.969 

9.758 

40 

2.058 

0.969 

9.757 

50 

2.060 

0.967 

9.755 

60 

2.063 

0.970 

9.753 

70 

2.066 

0.970 

9.751 

80 

2.070 

0.970 

9.750 


Table 8.10 Ultrasonic velocity V| for longitudinal wave 

(p) of NpTe at temperature range 2-80K. 

, Vs for shear wave and density 

Temperature(K) Vi (lO^cm/s) 

Vs(10'’cm/s) 

p(g/cc) 

2 

1.943 

0.963 

10.512 

5 

1.944 

0.954 

10.501 

10 

1.970 

0.966 

10.231 

20 

1.973 

0.968 

10.202 

30 

1.977 

0.969 

10.166 

40 

1.980 

0.970 

10.016 

50 

1.997 

0.977 

10.015 

60 

2.002 

0.978 

9.991 

70 

2.006 

0.979 

9.985 

80 

2.015 

0.981 

9.935 
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Table 8.11 Electrical resistivity (R) in lO'^'Q cm. -.jxosii) (iiJ in lO'^g/cm s, (a/f~)i for 
longitudinal wave in lO'^Np sVcm and (o; f‘)s for shear \wi\e in iO'^^Np s"/cm of GdP at 
the temperature range 2-80K. 


TemperatLire(K) 

R 

he 

Ca/f-) 

(a/f")s 

2 

8.667 

1.542 

0.028 

0.149 

5 

10.333 

1.294 

0.023 

0.125 

10 

14.167 

0.943 

0.017 

0.091 

20 

22.000 

0.607 

0.011 

0.058 

30 

OG o 

ZJ.JJ J 

0.573 

0.010 

0.055 

40 

24.667 

0.541 

0.010 

0.052 

50 

26.000 

0.514 

0.009 

0.049 

60 

27.333 

0.488 

0.008 

0.047 

70 

32.500 

0.411 

0.007 

0.039 

80 

35.000 

0.381 

0.0065 

0.036 

Table 8.12 Electrical resistivity (R) in lO'^Q cm, 

viscosit)' (Pe) 

in lO'^g/cm s, (a/f^)i for 

longitudinal wave in 10" 'Np s/cm and (cx/Rls for shear wave ir 
at the temperature range 2-80K. 

1 10-‘^Np sVcm ofGdAs 

Temperature(K) 

R 

he 

(a/f^), 

(a/f')s 

2 

4.75 

2.667 

0.057 

0.329 

5 

6.33 

2.002 

0.043 

0.247 

10 

8.33 

1.521 

0.033 

0.188 

20 

13.50 

0.938 

0.020 

0.116 

30 

15.30 

0.817 

0.017 

0.101 

40 

17.50 

0.724 

0.015 

0.089 

50 

18.75 

0.675 

0.014 

0.083 

60 

21.50 

0.589 

0.012 

0.072 

70 

25.00 

0.506 

0.010 

0.065 

80 

28.75 

0.440 

0.009 

0.054 
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Table 8.13 Electrical resistivity (R) in lO’^Q cm. viscosity (tje) in lO'^g/cm s. (a/f')i for 
longitudinal wave in 10‘''^Np s~/cm and Ccx/f")s for shear wave in 10'’’Np s“/cm of GdSb 
at the temperature range 2-80K. 


Temperature(K) 

R 

lie 

(a/f'), 

(a/f')s 

2 

0.333 

33.833 

0.962 

7.343 

5 

0.667 

16.892 

0.480 

3.666 

10 

1.000 

11.267 

0.320 

2.445 

20 

4.000 

2.816 

0.080 

0.611 

30 

6.000 

1.877 

0.053 

0.407 

40 

7.333 

1.536 

0.043 

0.333 

50 

8.667 

1.299 

0.036 

0.281 

60 

10.000 

1.126 

0.031 

0.244 

70 

12.500 

0.901 

0.025 

0.195 

80 

13.750 

0.818 

0.022 

0.177 

Table 8.14 Electrical resistivity (R) in 10' 

cm, viscosity (r|e) in 10''g/cm s, (cc/f'), for 

17 9 7 

longitudinal wave in 1 O' Np s /cm and (a/f )s for shear wave in 

lO'^'Np s'/cm of GdBi 

at the temperature range 2-80K. 




Temperature(K) 

R 

lie 

(a/f'), 

(a/f')s 

2 

0.333 

21.979 

1.029 

7.323 

5 

0.667 

16.476 

0.510 

3.659 

10 

1.000 

8.325 

0.258 

1.849 

20 

3.500 

3.139 

0.097 

0.697 

30 

5.500 

1.997 

0.062 

0.443 

40 

6.250 

1.758 

0.054 

0.390 

50 

7.750 

1.417 

0.043 

0.314 

60 

8.750 

1.255 

0.038 

0.278 

70 

10.000 

1.156 

0.035 

0.256 

80 

12.500 

1.071 

0.031 

0.224 
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Table 8.15 Electrical resistivity (R) in cm. viscosity (t]c) in 10''^g/cni s, (a/f~)i for 
longitudinal wave in 10’" Np s~/cm and (a/^s for shear wave in 10'"T^p s7cm of NpTe 


at the temperature range 2-80K. 


Temperature(K) 

R 


Re 


(a/f'), 


(a/f-)s 



2 


6.048 


1.063 


3.581 


2.099 



5 


6.129 


1.048 


3.529 


2.069 



10 


6.290 


1.004 


3.335 


1.955 



20 


6.452 


0.977 


3.240 


1.900 



30 


6.935 


0.906 


2.997 


1.760 



40 


7.258 


0.866 


2.853 


1.680 



50 


7.099 


0.877 


2.857 


1.687 



60 


6.935 


0.896 


2.903 


1.722 



70 


6.774 


0.917 


2.956 


1.761 



80 


6.452 


0.959 


3.069 


1.837 



Table 

8.16 Second and third 

order elastic constants (SOEC and TOEC) of the 

semi- 

metallics at the 

temperature range lOO-SOOK in the unit of 10 Dyne/cm^. 



Material 

Temp (K) 

Cii 

Cl2 

C 44 

Cm 

Cn2 

Ci23 

Ci44 

Ci65 

C456 

GdP 

100 

5.200 

1.322 

1.409 

-84.62 

-5.39 

1.872 

2.375 

-5.73 

2.357 


200 

5.360 

1.242 

1.415 

-85.30 

-5.08 

1.386 

2.393 

-5.75 

2.357 


300 

5.538 

1.161 

1.420 

-86.17 

-4.76 

0.901 

2.411 

-5.78 

2.357 

GdAs 

100 

4.936 

1.185 

1.263 

-81.55 

-4.81 

1.653 

2.160 

-5.15 

2.143 


200 

5.106 

1.105 

1.274 

-82.37 

-4.49 

1.163 

2.176 

-5.17 

2.143 


300 

5.286 

1.026 

1.279 

-83.30 

-4.18 

0.673 

2.192 

-5.19 

2.143 

GdSb 

100 

4.344 

0.889 

0.969 

-74.37 

-3.55 

1.173 

1.687 

-3.89 

1.674 


200 

4.509 

0.814 

0.973 

-75.23 

-3.24 

0.672 

1.699 

-3.91 

1.674 


300 

4.680 

0.738 

0.976 

-76.17 

-2.92 

0.172 

1.172 

-3.93 

1.674 

GdBi 

100 

4.230 

0.841 

0.919 

-72.94 

-3.35 

1.092 

1.607 

-3.68 

1.595 


200 

4.395 

0.766 

0.922 

-73.83 

-3.03 

0.589 

1.619 

-3.70 

1.595 


300 

4.565 

0.691 

0.926 

-74.78 

-2.71 

0.086 

1.630 

-3.72 

1.595 

NpTe 

100 

4.084 

0.884 

0.957 

-68.17 

-3.55 

1.186 

1.654 

-3.87 

1.641 

200 

4.231 

0.813 

0.962 

-69.52 

-3.27 

0.962 

1.666 

-3.88 

1.641 


300 

4.389 

0.743 

0.966 

-70.36 

-2.98 

0.276 

1.679 

-3.90 

1.641 
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Table 8.17 Density(p) in (g/cc), thermal conductivity! K) in 10''’erg/cm sec K, specific 
heat (Cv) in lO^erg/cc K, internal energy density (Eo) in lO^erg/cc, longitudinal velocity 

(Vi) in (10''’cm/s), shear velocity (Vs) in (lO'cni^s). Debye average velocity (V)in 
( 10'^ cm/s) and thermal relaxation time (tth) in 10'’ 'sec of the semimetallics at temperature 
range 100K-300K. 


Material 

Temp(K) 

P 

K 

Cv 

Eo 

V, 

Vs 

V 

^ih 

GdP 

100 

6.721 

6.596 

0.777 

44.870 

2.782 

1.448 

1.601 

0.994 


200 

6.708 

7.795 

0.861 

127.92 

2.827 

1.452 

1.607 

1.052 


300 

6.696 

8.575 

0.874 

214.20 

2.876 

1.456 

1.613 

1.131 

GdAs 

100 

7.653 

7.795 

0.739 

46.087 

2.540 

1.288 

1.427 

1.556 


200 

7.639 

8.575 

0.803 

122.66 

2.585 

1.292 

1.492 

1.563 


300 

7.626 

8.647 

0.811 

204.94 

2.633 

1.295 

1.437 

1.579 

GdSb 

100 

7.710 

15.591 

0.644 

43.801 

2.374 

1.121 

1.247 

4.671 


200 

7.696 

16.333 

0.678 

110.74 

2.421 

1.124 

1.251 

4.618 


300 

7.683 

16.078 

0.684 

178.69 

2.468 

1.180 

1.288 

5.856 

GdBi 

100 

9.745 

21.439 

0.627 

43.977 

2.083 

0.971 

1.081 

8.780 


200 

9.723 

21.438 

0.655 

108.27 

2.126 

0.974 

1.085 

8.832 


300 

9.701 

23.386 

0.658 

173.90 

2.169 

0.977 

1.089 

8.996 

NpTe 

100 

10.512 

0.376 

0.656 

0.422 

1.971 

0.955 

1.061 

0.152 


200 

10.056 

0.891 

0.674 

1.063 

2.051 

0.978 

1.088 

0.335 


300 

9.919 

1.633 

0.685 

1.751 

2.537 

1.134 

1.264 

0.602 


Table 8.18 Average ultrasonic Grtineisen parametrs <y->i for longitudinal wave . 
average square ultrasonic Grtineisen parametrs (<( yj )^>i for longitudinal wave , <( yj )~>s 


for shear wave), non-linear parameters (Di for longitudinal wave and Ds for shear wave) 
along <1Q0> direction of the semi-metallics at the temperature range 10Q-300K. 


Material 

Temp.[K] 

<yJ> 

<(Yf’)>i 

<(Yf’)">s 

Di 

Ds 

GdP 

100 

0.519 

2.155 

0.137 

17.999 

1.235 


200 

0.500 

2.034 

0.136 

17.292 

1.220 


300 

0.483 

1.922 

0.134 

16.440 

1.204 

GdAs 

100 

0.520 

2.221 

0.136 

18.685 

1.220 


200 

0.500 

2.089 

0.134 

17.819 

1.205 


300 

0.482 

1.972 

0.132 

16.921 

1.190 

GdSb 

100 

0.520 

2.387 

0.132 

20.285 

1.191 


200 

0.499 

2.240 

0.131 

19.248 

1.178 


300 

0.480 

2.113 

0.130 

18.219 

1.166 

GdBi 

100 

0.521 

2.424 

0.132 

20.654 

1.188 


200 

0.499 

2.274 

0.131 

19.556 

1.175 


300 

0.480 

2.143 

0.129 

18.504 

1.163 

NpTe 

100 

0.518 

2.307 

0.133 

19.513 

1.199 


200 

0.498 

2.168 

0.132 

18.563 

1.185 


300 

0.479 

2.043 

0.130 

17.591 

1.170 
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Table 8.19 Average ultrasonic Griineisen parametrs <yj’>i for longitudinal wave . 
average square ultrasonic Griineisen parametrs (<(y/)^>i for longitudinal wave . 
<(yi)^>si) for shear wave polarized along <001> direction, <(y^)^>s 2 for shear wave 

polarized along <1 10> direction, non-linear parameters (Di for longitudinal wave, Dsi for 
shear wave polarized along <00 1> direction and Ds 2 for shear wave polarized along 


<1 1 0> direction) along <1 10> direction of the semi-metallics at the temperature range 
100-300K.] 


Material 

Temp.[K] 

<Yf'> 

<(Y.'')'>i 

<(y/)^>s, 


D, 

Dsi 

Ds2 

GdP 

100 

-0.803 

2.344 

0.329 

3.170 

17.75 

2.959 

28.53 


200 

-0.763 

2.129 

0.287 

3.034 

16.81 

2.584 

27.31 


300 

-0.726 

1.941 

0.252 

2.907 

15.53 

2.268 

26.16 

GdAs 

100 

-0.801 

2.369 

0.277 

3.304 

18.26 

2.495 

29.74 


200 

-0.759 

2.143 

0.242 

3.150 

17.03 

2.178 

28.35 


300 

-0.721 

1.952 

0.214 

3.015 

15.72 

2.003 

27.13 

GdSb 

100 

-0.790 

2.440 

0.186 

3.629 

19.21 

1.675 

32.66 


200 

-0.746 

2.209 

0.165 

3.463 

17.84 

1.488 

31.17 


300 

-0.730 

1.997 

0.125 

3.209 

16.13 

1.126 

28.89 

GdBi 

100 

-0.789 

2.464 

0.175 

3.702 

19.51 

1.570 

33.32 


200 

-0.744 

2.231 

0.155 

3.533 

18.07 

1.398 

31.79 


300 

-0.704 

2.034 

0.139 

3.382 

16.62 

1.259 

30.43 

NpTe 

100 

-0.790 

2.388 

0.212 

3.480 

18.58 

1.911 

31.32 


200 

-0.747 

2.161 

0.188 

3.322 

17.33 

1.689 

29.90 


300 

-0.707 

1.967 

0.167 

3.178 

15.97 

1.503 

28.60 


Table 8.20 Average ultrasonic Griineisen parametrs <Yj>i for longitudinal wave , 


average square ultrasonic Griineisen parametrs (<(yl )^>i for longitudinal wave , <(Yj )^>s 
for shear wave polarized along <11 0> direction), non-linear parameters (Di for 


longitudinal wave and Ds for shear wave polarized along <1 10> direction ) along <1 1 1> 
direction of the semi-metallics at the temperature range 1Q0-300K. 


Material 

Temp.[K] 

<Yf'> 

<(Yr')>i 

<(y/)>s 

D, 

Ds 

GdP 

100 

-0.635 

1.909 

2140 

15.083 

19.256 


200 

-0.609 

1.750 

2.050 

14.256 

18.452 


300 

-0.584 

1.909 

1.967 

13.228 

17.702 

GdAs 

100 

-0.642 

1.944 

2.232 

15.514 

20.090 


200 

-0.612 

1.770 

2.130 

14.453 

19.170 


300 

-0.586 

1.622 

2.041 

13.377 

18.372 

GdSb 

100 

-0.652 

2.012 

2.454 

16.231 

20.088 


200 

-0.622 

1.828 

2.345 

15.029 

21.105 


300 

-0.607 

1.661 

2.173 

13.677 

19.555 

GdBi 

100 

-0.655 

2.032 

2.504 

16.450 

22.534 


200 

-0.624 

1.844 

2.393 

15.180 

21.535 


300 

-0.595 

1.682 

2.294 

13.930 

20.643 

NpTe 

100 

-0.645 

1.967 

2.353 

15.764 

21.174 
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200 -0.616 1.790 2.249 14.665 20.241 

300 -0,588 1.634 2.154 13.506 19.386 

Table 8.21 Ultrasonic atttenuation due to thermoelastic loss (a/f")th and due to phonon- 
phonon interaction [(a/f")i for longitudinal wave and (a/f")s for shear wave] of the 
semimetallics along <100> direction at the temperature range 100-300K (in the unit of 
10~‘^Np s^/cm. 


Material 

Temperature (K) 

(a/f^)th 


(a/f'), 

(a/f-)s 

GdP 

100 

0.029 


6.637 

1.619 


200 

0.058 


18.437 

4.796 


300 

0.082 


30.012 

8.467 

GdAs 

100 

0.047 


12.818 

3.209 


200 

0.088 


31.061 

8.424 


300 

0.113 


46.312 

13.383 

GdSb 

100 

0.131 


48.295 

13.459 


200 

0.229 


108.216 

33.060 


300 

0.285 


198.584 

101.145 

GdBi 

100 

0.274 


108.584 

30.829 


200 

0.456 


226.559 

70.790 


300 

0.624 


350.736 

120.695 

NpTe 

100 

0.006 


1.875 

0.506 


200 

0.022 


9.149 

2.692 


300 

0.050 


24.092 

7.759 

Table 8.22 Ultrasonic atttenuation due to thermoelastic loss (a/f^)th and due to phonon- 

phonon interaction [(a/f^)i for longitudinal 

wave, (a/f^)si for shear wave (polarized along 

<001> direction) and (a/f^)s 2 for shear wave (polarized along <11 0> direction)]of the 
semimetallics along <100> direction at the temperature range 100-300K (in the unit of 

IQ-'^Np sVcm. 





Material 

Temperature 

(K) 

(a/f")th 

(a/f")i 

(<x/f')si 

(cx/f-)s 2 

GdP 

100 

0.068 

6.969 

4.533 

37.408 


200 

0.135 

20.166 

13.895 

107.232 


300 

0.186 

28.354 

15.950 

183.974 

GdAs 

100 

0.112 

12.6.36 

6.670 

53.079 


200 

0.201 

29.677 

15.225 

198.211 


300 

0.251 

43.034 

22.112 

312.011 

GdSb 

100 

0.302 

45.742 

18.931 

369.188 


200 

0.512 

101.215 

42.753 

873.341 


300 

0.658 

133.975 

49.080 

1259.46 

GdBi 

100 

0.628 

102.594 

40.781 

864.855 


200 

1.013 

209.618 

84.403 

1919.681 


300 

1.342 

314.828 

130.490 

3154.629 

NpTe 

100 

0.014 

1.785 

0.807 

13.235 

200 

0.049 

8.539 

3.838 

67.934 


300 

0.110 

21.870 

9.968 

189.688 
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Table 8.23 Ultrasonic atttenualion due to thermoelastic loss (a/f")tii and due to phonon- 
phonon interaction [(a/f")! for longitudinal wave and (a/f')s for shear wave(polarized 


along <11 0> direction)] of the semimetallics along <11 1> direction at the temperature 
range 1Q0-3Q0K (in the unit of 10'‘^Np s^/cm. 


Material 

Temperature (K) 

(a/f')th 

(a/f'), 

(a/f')s 

GdP 

100 

0.043 

5.580 

25.251 


200 

0.086 

15.187 

72.459 


300 

0.120 

24.154 

124.476 

GdAs 

100 

0.071 

10.653 

53.290 


200 

0.131 

25.188 

134.025 


300 

0.166 

36.619 

211.269 

GdSb 

100 

0.205 

38.655 

249.659 


200 

0.355 

84.429 

591.393 


300 

0.454 

133.975 

852.623 

GdBi 

100 

0.433 

86.488 

584.981 


200 

0.711 

176.137 

1300.272 


300 

0.961 

263.845 

2139.829 

NpTe 

100 

0.009 

1.515 

8.946 


200 

0.033 

7.228 

45.985 


300 

0.075 

18.498 

128.568 


Table 8.24 Comparison of experimental SOEC and bulk modulus (B) of NpTe at room 


temperature ( all in GPa). 

Author 

Cii 

Ci2 

C 44 

B 

Ref.no. 

Benedikt et al. 


- 

- 

62.00 

27 

Wachter et al. 

129.00 

37.00 

10.60 

67.00 

24 

Present work 

43.90 

8.00 

10.00 

20.00 

- 


Table 8.25 Comparable data for ultrasonic absorption coefficient (a) in dB/fi 


sec.(attenuation) in semimetallics at room temperature (f=100MHz). 

Propagation 

direction 

Polariz- 

ation 

NaCl 

(exp )[30] 

KCl 

(exp)[30] 

KBr 

(exp,)[30] 

GdP 

GdAs 

GdSb 

GdBi 

NpTe 

<100> 

long. 

0.21 

0.43 

0.40 

0.75 

1.06 

4.26 

7.52 

0.54 

<100> 

Shear 

0.03 

0.06 

0.06 

0.04 

0.15 

0.86 

1.02 

0.09 

<11 0> 

long. 

0.14 

0.34 

0.27 

0.71 

0.98 

2.87 

5.93 

0.48 

<11 0> 

shear<ooi> 

0.03 

0.06 

0.06 

0.20 

0.25 

0.42 

1.11 

0.12 

<11 0> 

shear<i i o> 

0.40 

0.45 

0.40 

2.33 

3.51 

10.72 

26.77 

2.21 

<11 1> 

long. 

0.09 

0.25 

0.19 

0.61 

0.84 

2.87 

4.97 

0.41 

<111> 

shear<i io> 

0.20 

0.25 

0.30 

1.57 

2.38 

7.26 

18.16 

1.49 
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temperature of GdP 
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Fig.8.7 ((x/f^)shear vs. temperature 
of GdAs 



Temperature [K] 


Fig.8.8 (cx/f\hear vs. 
temperature of GdSb 


159 



(a/f^),hX10 ’®Np s^/cm (a/f®)sHearX10"'^Np s^/cm 


8 


0 022 




0016 " 


0015 - - - - - 

0 10 20 30 40 50 60 70 80 90 
Temperature [K] 


Fig. 8. 9 (a/f\hear vs- temperature of 
GdBi 
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Fig.8.1 1 (a/f^)th vs temperature of 
the semimetallics along <100> 
direction 


Fig.8.1 2 (a/f^)iong vs temperature of 
the semimetallics along <100> 
direction 
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Fig.8.13 (oc/f\hear vs temperature of the 
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Fig. 8.14 {a/f^)th vs temperature of 
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Fig. 8.1 6 (a/f^)sheari vs temperature 
of the semimetallics along <11 0> 
direction shear wave polarized 
along<001> dircetion 
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CHAPTER-9 


Application of Morse potential to Evaluate the 
Ultrasonic Attenuation in Semi-metallic GdX Single 
Crystals (X=P, As, Sb and Bi) in the Temperature 

Range 10 to 300K. 


9.1 Introduction 

Ultrasonics, because of its wide range applications in almost every field has been studied in 
detail. Ultrasonic velocity and attenuation studies have been made in solids, liquids and liquid 
crystals. A number of books, review articles are available which give the experimental 
techniques and theoretical interpretations of results [1-10]. 

In solids [11,12,13], there are several causes of ultrasonic attenuation, the most important 
being the electron-phonon (e-p) interaction below 80K [13,14] and phonon-phonon (p-p) 
interaction above lOOK [15,16]. Several potentials [17,18,19] have been used to evaluate second- 
and third-order elastic constants (SOEC and TOEC). The first principal methods [20] are 
available for the evaluation of SOEC and TOEC. Morse potential which is most appropriate one 
for studying the physical properties of the metals [18] and the results of several metallic crystals 
the SOEC and TOEC as evaluated are very good agreement with experimental values [18]. The 
physical properties of semi-metallic crystal [21] are more or less of the same type as the metallic 
crystal. As such the Morse potential has been used to evaluate SOEC and TOEC of semi-metallic 
crystals GdX (X=P, As, Sb and Bi) as the Morse potential gives clear picture of the process 
taking place. Also in the same semi-metallic crystals ultrasonic results are available in chapter 
VIII using Coulomb and Bom-Mayer potential for the evaluation of SOEC and TOEC. 

In the present investigation ultrasonic attenuation studies have been made in semi-metallic 
crystals GdX (X=P, As, Sb and Bi), due to the e-p interaction from 10-80K and due to p-p 
interaction between 100-300K along <100>, <11 0> and <11 1> crystallographic directions. The 
substance chosen have been studied with reference to the other properties by several authors 
[22,23] because they are typical carrier strongly correlated system with simple f c.c structure. 
The results are quite interesting particularly at Neel temperature and have been discussed. 


165 



8.2. Theon’ 

8.2.1 SOEC and TOEC by Morse potential 

The interaction energy (t)(r,j) of two atoms separated by a distance Pj according to Morse is 
given by [18] ; 

Kr,) = D[e-^“^-V-2e-“%-V ] (9-1) 

Where a and D are constants with dimensions of reciprocal distance and energy respectively and 
ro is the equilibrium distance of approach of two atoms. Since, (j)(ro) = -D, D is the dissociation 
energy. For Morse parameters, the following equations are introduced; 


d(j)/da = 0 at a = ao 

(9.2) 

Bulk modulus is written as: 


Bulk Modulus (B) = (l/18Nao) (d^(|)/da^ )a=ao 

(9.3) 

and q = [mj^ + nj^ + Ij^ ] a = Mj a 

(9.4) 

Where: mj , nj and Ij are the position coordinates of any atom 

in terms of half the lattice 

parameter a. 



^ = (9.5) 


The potential energy of a large crystal is obtained by choosing one atom in the lattice as 
origin, calculating its interaction with all other atoms in the crystal and then multiplying by 
N/2, where N is the total number of atoms under consideration. The range of interatomic potential 
has been taken upto 10* shell consisting of 176 atoms in f.c.c.. Thus the total energy is: 

(t, = (l/2)ND (9.6) 


rj is the distance of the j* atom from origin in the lattice. At absolute zero, ao is the value of a, (j) 
(ao) is the energy of cohesion. <|)(ao) = Uo(ao) is the energy of sublimation at zero temperature. 
[d(!)/da]a=ao vanishes and [d^ ^(a)/da^]a=ao is related to bulk modulus, given by eqn (9.3) Also: 


[d(])(a)/da] 


a=ao 


gives 






-2(xaM 


(9.7) 


and (t)(ao) = Uo(ao) gives: 


D= 












(9.8) 
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Where f3 is given by eqn. (9.7). 

The bulk modulus is given by eqn (9.3) from which: 


n 2 o2\~' jr 2 ~2aa„ht, 2 

la ^ e ‘ -a P^e 

/ j 

Eqns (9.8) and (9.9) are satisfied for unique set of values of a and D. To solve these two 
equations for a general range of a and arrive at two different values of D, say Dj and D 2 . 
Unfortunately, one carmot arrive at a value of a for which Di~ D 2 = 0. One therefore settles for 
a value of a for which Di ~ D 2 is of the order of lO'^"*. The values of a obtained by this 
approximation are correct and tallies exactly with other materials studied earlier [18]. Since p is 
known from eqn. (9.7), knowing a, ro is obtained from eqn. (9.5). The calculations and 
computer program have been tested for several metallic crystals and values of a, Vq and D are 
exactly same as obtained for Cu, Ag, Au etc. [18]. From these values SOEC and TOEC are 
obtained as follows: 

The expression for SOEC (C f,) is as follows: 


o_ 2Da^ 

“ V 


4 -2aaM. 

mj e ' 


2Da^a^P y 
_ 


4 ~aaKi, 

nij e ‘ 


^ Daap^ 

+ V ^ 


4 ~2aaM. rv 4 ~aaM. 

© 03cx|3 ^ 


(9.10) 


The expression for C is obtained by replacing mj by mj^ n/ in eqn (9. 1 0) above and V is the 
atomic volume, which is equal to 2a^ in the present case. 

The expression for TOEC (Cf,,) is as follows: 


4Da"a"p" 


6 -2aaM, 

a J 


6Da'a^P 

V 


6 ’-2aaM, 

me ' 




SDaap' 


6 -laahf , 

trij e ' 


^ Da'a'p 


3Da'a"p y. mje'““^' 
^ V ^ 


^3Daap yrnfe'"^' 
V ^ M.^ 


(9.11) 
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The expression for €[*,2 is obtained by replacing nij^ by ini'* n," in all summations in 

eqn. (9.1 1). Also, the expression for Cp 3 which is equal to C 455 = is obtained by replacing 
nij^ by nil" n/ Ij" in all summations in eqn. (9.11). The summations are for the coordinates of 
atoms upto 10 *’’ shell. 

In the central force model, the elastic constants obey Cauchy relations at absolute zero: 

Cfi'Ci; Cf,, and Cfy-Cjsj-C",, (9.12) 

Thus, we have only two and three independent SOEC and TOEC respectively. However, 
experimentally these relations are not true. 

9.2.2 Temperature dependence of SOEC and TOEC 

According to the lattice dynamics developed by Leibfried et al. [24,25] lattice energy 
changes with temperature, hence adding its vibrational energy contribution to elastic constants at 
absolute zero one gets C,j and C,jk (SOEC and TOEC) at the required temperature. 

Qj=Cf. +C.y“’ (9.13) 

C,k=C; +CJ» (9.14) 

■Where the superscript has been used to denote SOEC and TOEC at absolute zero.. The and 
Cy * are vibrational contributions and are functions of various G’s which are functions of ro and 

b presented in Tables 2.4-2 . 6 in chapter II. 

9.2.3 Ultrasonic attenuation due to e-p interaction 

In metals at low temperatures, mean free path of the electron becomes comparable to the 
wavelength of the acoustical phonons. The coupling of the conduction electrons with the 
propagating ultrasonic wave causes dissipation of energy of the wave and thus viscous loss 
occurs [11]. The attenuation caused by the energy loss due to compressional and shear viscosities 
of the lattice at low temperature are as given in eqns. (2.43) and (2.44) in chapter II. 

9.2.4 Ultrasonic attenuation due to phonon-phonon interaction 

At higher temperature (above lOOK), Ultrasonic attenuation occurs due to phonon viscosity 
mechanism. Akhiezer [27] was first to propose the phonon viscosity mechanism which was 
improved by Bommel and Dransfeld [28], Finally Mason [11,12] used the Griineisen numbers in 
the Akhiezer region (oaxth «1) to evaluate the ultrasonic attenuation. Although there are several 
methods for evaluation of the ultrasonic attenuation, the one proposed by Mason [12], has been 
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used [14,15] and results are quite good as some of the earlier results are in agreement with 
experimental \'alues. 

The ultrasonic attenuation due to p-p interaction [ta/f')iong and (a/f")shcar for longitudinal and 
shear waves respectively] and due to thermoelastic loss (a/f')th has been evaluated using eqns. 
(2.78), (2.79) and (2.80) respectively. 

9.3 Evaluations, results and discussions 

The experimenal values of lattice parameter, bulk modulus and cohesive energ}’ are used to 
evaluate the Morse parameters D, a and ro using the eqns. 9. 1-9.4. the Morse parameters D. a 
and ro are presented in Table 9.1. These parameters are used to evaluate second and third order 
elastic constants (SOEC and TOEC) at absolute zero using eqns. (9.5) and (9. 6). The values of 
SOEC and TOEC at absolute zero are presented in Table 9.2. These values of SOEC and TOEC 
at absolute zero were added with vibrational contribution (which is given as in the Tables 2. 7-2. 9 
in chapter II). The evaluated values of temperature dependence of SOEC are presented in Table 
9.3. By utilization of SOEC from the Table 9.3, the ultrasonic velocities (Vi for longitudinal 
wave and Vs for shear wave) are evaluated. The viscosity of electron gas has been ev^aluated with 
eqn.(2.42) with electrical resistivity (R) [21]. The values of viscosity (pO with electrical 
resistivity (R) values are presented in Tables 8.11-8.14 in chapter VIII. Eqns. (2.43) and (2.44) 
[in chapter II) have been used to evaluate ultrasonic attenuation due to electron-phonon 
interaction for longitudinal and shear waves respecti\'ely. The values of ultrasonic attenuation 
due to electron-phonon interaction are presented in Table 9.4 for longitudinal and shear waves. 

The values of SOEC and TOEC of these semi-metallics at 100,200 and 300K are presented in 

Table 9.5. Which have been used to obtain average Griineisen numbers <y(> and <(y;')^> along 
<100>, <1 10> and <1 1 1> crystallographic directions using Griineisen Tables [12] (Appendix A). 
Thermal conductivity is evaluated with resistivit}- data available in literature[27] using 
Weidemann-Franz law. The thermal relaxation time (xth) has been evaluated taking themial 
conductivity with eqn. (2.65) as in chapter II. Specific heat per unit volume (Cv), energy density 
(Eo) of these materials have been evaluated as a function of Oq/T from the AIP Handbook [29], 
where 0 d is Debye temperature. Primary physical constants like K, Cv, Eo etc. are presented in 
Table 8.17 of chapter VIII. The values of ultrasonic velocities (Vi for longitudinal wave, Vs for 
shear wave and V -Debye average velocity) and thermal relaxation time (tth) are presented in 
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Table 9.6. The nonlinear parameters (Di for longitudinal wave and Ds for shear wa\-e) are 
calculated using a\'erage Griineisen numbers <y'> and <(y|)‘> with eqn. (2.36) in chapter II. 

The evaluated average Grtineisen numbers <y'> and <(yf)"> and nonlinear parameters {D| for 
longitudinal wave and Ds for shear w’ave) are presented in Tables 9. 7-9. 9 along <100>. <1 10> 
and <11 1> crystallographic directions respectively. The values of ultrasonic attenuation due to 
thermoelastic loss (a/f")tii and due to phonon-phonon interaction [(a/f')iong for longitudinal wave 
and (a/f")shear for shear wave] have been evaluated with eqns. (2.86), (2.78) and (2.79) of chapter 
II. The evaluated values of ultrasonic attenuation due to thermoelastic loss (a/f")tii and due 
phonon-phonon interaction [(a/f“)iong for longitudinal wave and (a/f“)shear for shear wave] are 
presented in Tables 9.8-9.10 and Figs. 9.9-9.18. 

The Morse parameters D, a and ro for GdX (X=P, As, Sb and Bi) are of the same order of 
magnitude as for metallic crystals. It is clear from the Table 9.4 and Figs.9. 1-9.8 that the 
ultrasonic attenuation due to e-p interaction falls rapidly as the temperature increases from 1 OK- 
80K and of the same nature as for other metallic crystals. It is obvious from the Figs 9. 1-9.8 
show that the ultrasonic attenuation due to e-p interaction is smooth except at Neel temperature, 
where there is a small kink in attenuation. Ultrasonic attenuation values in semi-metallics are less 
than that of the metallic compounds due to e-p interaction as the resistivity of semi-metallic 
compounds are more than the metallic crystals. The Morse potential can be safely used in semi- 
metallic compounds GdX(X=P,As,Sb and Bi) for evaluation of SOEC and TOEC as the physical 
properties of these materials are more or less of the same nature as metallic crystals. 

It is obvious from the Tables 9.3-9. 5 that the evaluated values of SOEC and TOEC by Morse 
potential are very less in comparison to evaluated values of SOEC and TOEC by Coulomb and 
Born-Mayer potential as presented in Table 8. 1-8.4 and 8.16. It is obvious from the Tables 9.7- 
9.9 that the values of non-linearity constant ‘D’ are different from the evaluated values of the 
same in previous chapter, because the values of SOEC and TOEC are quite different in both 
cases. 

It is obvious from the Table 9.10-9.12 and Figs. 9.10-9.18 that the values of ultrasonic 
attenuation due to phonon-phonon interaction [(a/f")iong for longitudinal wave and (a/f^)shear for 
shear wave] increases with temperature, but the values of these materials are more than the those 
values presented in Table 8.21-8.23 .in previous chapter VIII (using Coulomb and Bom-Mayer 
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potential). The \ allies of ultrasonic attenuation due to thermoelastic loss {fa/f'Xi, is negligible in 
comparison to the I'alues of ultrasonic attenuation due to phonon-phonon interaction [(a/f")iong 
for longitudinal wa\'e and (a/f“)shear for shear wave] and also increases with temperature. 

The obtained results confirm in semi-metallics also that the major cause of ultrasonic 
attenuation are due to electron-phonon interaction, phonon-phonon interaction and thermoelastic 
loss and also confirms that the Morse potential can be safely used in semi-metallics like in metals 
to produce SOEC and TOEC. Hence the present approach is valid to study the microstructural 
properties of the material, which may be utilized in material science and technology. 


Table 9.1 The Morse parameters D, a and ro for the GdX (X=P, As, Sb and Bi) 


Matrial 

D (in lO'^'^ergs) 

a in (10'*cm)'' 

to in (lO'^cm) 

GdP 

17.73 

1.70 

4.07 

GdAs 

16.99 

1.70 

4.18 

GdSb 

14.37 

1.70 

4.43 

GdBi 

15.10 

1.70 

4.48 


Table 9.2 The second- and third order elastic constants (SOEC and TOEC )at OK for GdX (X=P, 

As, Sb and Bi) all in 10''Dyne/cm^ 

Crystals 

Cl," 

^ 0 

^12 — '^44 

Ciii^ 

^112 “ ^123 

0 ^ 0 ^ 0 

^123 ~ '-'144 “WSfi 

GdP 

3.64 

2.04 

-42.27 

-23.74 

0.251 

GdAs 

3.45 

1.92 

-40.89 

-22.75 

0.209 

GdSb 

2.85 

1.55 

-35.31 

-19.29 

0.127 

GdBi 

2.84 

1.55 

-36.05 

-19.76 

0.125 
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Table 9.3 The second order elastic constants (SOEC) for GdX(X=P.As,Sb and Bi) all in 
10"Dyne/cnr at the temperature range 1Q-80K for GdX(X-P.As.Sb and Bi). 


Material SQEC 10 

20 

30 

40 

50 60 

70 

80 

Net i 1 e ' - 

GdP C,i 

1.41 

2.82 

3.29 

3.53 

3.67 3.76 

3.83 

3.88 

2.71 

Cl2 

-0.88 

0.534 

1.01 

1.24 

1.38 1.48 

1.54 

1.59 

0.50 

C44 

2.06 

2.06 

2.06 

2.06 

2.06 2.06 

2.06 

2.06 

2.06 

GdAs Cn 

2.51 

3.19 

3.41 

3.53 

3.59 3.64 

3.68 

3.70 

3.18 

C12 

0.49 

1.17 

1.39 

1.51 

1.57 1.62 

1.65 

1.67 

1.16 

C44 

1.92 

1.92 

1.92 

1.92 

1.92 1.92 

1.92 

1.92 

1.92 

GdSb Cii 

2.48 

2.79 

2.90 

2.95 

2.98 3.01 

3.06 

3.08 

2.82 

C ,2 

0.88 

1.19 

1.29 

1.35 

1.38 1.40 

1.42 

1.45 

1.26 

C44 

1.55 

1.55 

1.55 

1.55 

1.55 1.55 

1.55 

1.55 

1.55 

GdBi Cl, 

2.32 

2.74 

2.89 

2.96 

3.00 3.03 

3.06 

3.08 

2.88 

C12 

0.85 

1.08 

1.22 

1.29 

1.33 1.36 

1.38 

1.40 

1.20 

C44 

1.56 

1.56 

1.56 

1.56 

1.56 1.56 

1.56 

1.56 

1.55 

Table 9.4 Ultrasonic < 

ittenuation 

due to 

e-p interaction (a//^)L and (a//")s L 

and S for 

longitudinal and shear waves respectively (all in 

10' ''Nps7m); is the Neel temperature for 

the compound). 








Temp. 

GdP 

GdAs 

GdSb 

GdBi 

(iuK) 

(a//)L 

(a//)s 

{alf\ ialf)s 


(ct//)s 

(a//)L 

(cc//')s 

10 

11.4 

48.3 

5.37 

9.80 

91.7 

110.0 

83.0 

126.0 

15.7(Tn) 

3.71 

3.71 










3.96 

6.17 





18.9(Tn) 









20 

2.6 

3.1 

3.70 

6.00 

15.9 

27.8 

19.9 

36.0 

23.4(Tn) 





12.9 

16.5 



25.8(Tn) 







15.5 

29.0 

30 

1.9 

2.90 

2.98 

5.34 

9.8 

18.0 

11.9 

22.9 

40 

1.6 

2.77 

2.48 

4.60 

7.7 

15.8 

10.2 

20.0 

50 

1.47 

2.60 

2.20 

4.30 

6.4 

12.8 

8.10 

16.0 

60 

1.35 

2.50 

1.90 

3.8 

5.5 

11.0 

7.10 

14.0 

70 

1.1 

2.10 

1.60 

3.3 

4.3 

8.4 

6.10 

12.6 

80 

1.0 

1.95 

1.40 

2.8 

3.9 

8.0 

4.80 

10.0 
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Tabic 9.5 Second and third order elastic constants (SOEC and TOEC ) of the semimetallics at the 
temperature range 100-300K in the unit of 10‘’Dyne/cnr. 


Material 

1 emp [K] 

Cii 

C,2 

C 44 

Cm 

C 112 

C|23 

Cl44 

Cl 66 

C.5. 

GdP 

100 

3.959 

1.664 

2.058 

-38.96 

-20.38 

-0.115 

0.247 

-23.77 

0.251 


200 

4.193 

1.790 

2.061 

-44.34 

-22.15 

-0.665 

0.249 

-23.82 

0.251 


300 

4.405 

1.811 

2.065 

-47.51 

-22.89 

-1.209 

0.249 

-23.85 

0.251 

GdAs 

100 

3.751 

1.704 

1.920 

-40.60 

-21.10 

-0.745 

0.209 

-22.78 

0.209 


200 

3.959 

1.749 

1.923 

-44.26 

-22.09 

-1.034 

0.199 

-20.90 

0.209 


300 

4.172 

1.741 

1.927 

-46.95 

-22.53 

-1.939 

0.209 

-22.85 

0.209 

GdSb 

100 

3.118 

1.413 

1.562 

-35.93 

-18.22 

-0.346 

0.127 

-19.32 

0.128 


200 

3.314 

1.429 

1.562 

-39.08 

-18.93 

-0.885 

0.127 

-19.34 

0.128 


300 

3.518 

1.412 

1.568 

-41.62 

-19.26 

-1.413 

0.127 

-19.36 

0.128 

GdBi 

100 

3.482 

1.421 

1.821 

-38.41 

-20.11 

-0.118 

0.219 

-22.19 

0.125 


200 

3.592 

1.432 

1.839 

-42.41 

-20.42 

-0.618 

0.218 

-21.22 

0.125 


300 

3.613 

1.443 

1.868 

-45.00 

-21.32 

-1.389 

0.220 

-22.82 

0.215 


Table 9.6 Longitudinal velocity (V|) in lO^cm/sec, shear velocity (Vs) in lO^cm/sec, Debye 

average velocity (V) in lO^cm/sec and thermal relaxation time (tu,) in 10‘"sec of the 
semimetallics at temperature range 10Q-3Q0K. 


Material 

Temperature (K) 

V, 

Vs 

V 


GdP 

100 

2.427 

1.750 

1.892 

0.711 


200 

2.499 

1.752 

1.902 

0.750 


300 

2.565 

1.756 

1.913 

0.805 

GdAs 

100 

2.214 

1.584 

1.714 

1.077 


200 

2.276 

1.587 

1.724 

1.078 


300 

2.339 

1.590 

1.733 

1.065 

GdSb 

100 

2.011 

1.423 

1.543 

3.050 


200 

2.075 

1.426 

1.552 

3.004 


300 

1.904 

1.271 

1.390 

4.195 

GdBi 

100 

1.780 

1.262 

1.367 

5.485 


200 

1.838 

1.264 

1.376 

5.179 


300 

1.897 

1.267 

1.385 

4.225 
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Tabic 9.7 Average of ultrasonic Griineisen parameters <yj’>i for longitudinal waves, average of 
square of ultrasonic Griineisen parameters <( y- )">i for longitudinal waves, average of square of 


ultrasonic Griineisen parameters <( )‘>s for shear wa\'es. non-linear parameters Di for 

longitudinal waves. 0$ for shear wave and ratio of non linearity parameters (Di / 0$) of the 
semimetallics at the temperature range 100-300K along <100> crystallographic directions. 


Material 

Temp.[K] 

<yi>, 


<(Yf )'>s 

D, 

Ds 

D,/Ds 

GdP 

100 

12.136 

7.308 

4.119 

71.344 

37.067 

1.924 


200 

12.219 

7.688 

3.862 

78.917 

34.755 

2.271 


300 

10.517 

5.703 

3.643 

73.710 

32.789 

2.248 

GdAs 

100 

19.582 

1.928 

14.778 

166.968 

133.000 

1.255 


200 

18.627 

5.659 

13.995 

145.418 

125.953 

1.155 


300 

17.749 

5.460 

13.174 

140.291 

118.566 

1.183 

GdSb 

100 

15.411 

10.073 

4.583 

94.264 

41.283 

2.283 


200 

15.157 

9.964 

4.271 

99.856 

38.441 

2.598 


300 

14.727 

9.633 

3.978 

104.250 

37.415 

2.786 

GdBi 

100 

16.834 

11.116 

4.940 

103.960 

44.460 

2.338 


200 

16.407 

10.855 

4.587 

100.228 

41.279 

2.632 


300 

15.909 

10.459 

4.270 

102.546 

42.548 

2.400 


Table 9.8 Average of ultrasonic Gruneisen parameters <y^>i for longitudinal waves, average of 
square of ultrasonic Gruneisen parameters <(Yj )^>i for longitudinal waves, average of square of 
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ultrasonic Gruneisen parameters <('/•' )">si for shear wa\'es (polarized along <00 1> direction), 
average of square of ultrasonic Gruneisen parameters <( 7 j')‘>s 2 for shear \va\'cs (polarized along 

<11 0> direction), non-linear parameters D| for longitudinal waves, Dsi for shear wa\-e 

(polarized along <001> direction), Dsa for shear wave (polarized along <1 10> direction), ratio 
of non linearity parameters (Di / Dsi) and (Ds 2 /Di) of the semimetallics at the temperature range 
100-300K along <1 10> crystallographic directions. 


Material 

Temp [K] 

A 

V 

<( yj )■>, 

-(yj)=>s, 

<( y/)=>s: 

D, 

Dsi 

Ds2 

Di / Dsi 

Ds?/ Dj 

GdP 

100 

10.58 

7.785 

25.93 

10.38 

54.90 

233.3 

93.40 

0.235 

1.701 


200 

11.39 

8.329 

25.59 

9.663 

68.85 

230.3 

86.97 

0.298 

1.263 


300 

7.131 

5.656 

25.21 

10.69 

43.41 

226.9 

96.24 

0.191 

2.217 

GdAs 

100 

8.955 

1.933 

41.29 

60.64 

71.29 

376.7 

545.8 

0.189 

7.655 


200 

13.55 

6.259 

40.39 

42.70 

97.35 

363.5 

384.3 

0.268 

3.948 


300 

12.52 

5.925 

39.03 

39.84 

91.61 

351.3 

358.6 

0.261 

3.914 

GdSb 

100 

14.70 

11.02 

30.05 

13.45 

83.72 

270.4 

13.45 

0.310 

1.446 


200 

14.18 

10.81 

29.54 

12.86 

87.96 

265.8 

12.86 

0.331 

1.316 


300 

13.29 

10.31 

28.98 

12.19 

86.97 

271.4 

13.21 . 

0.320 

1.512 

GdBi 

100 

16.35 

12.22 

32.36 

14.68 

94.84 

291.2 

132.1 

0.326 

1.393 


200 

15.48 

11.80 

31.71 

13.86 

96.41 

285.4 

124.7 

0.338 

1.293 


300 

14.43 

11.21 

31.11 

13.01 

97.41 

290.6 

128.4 

0.334 

1.319 


Table 9.9 Average of ultrasonic Gruneisen parameters <y - >i for longitudinal waves, average of 


square of ultrasonic Gruneisen parameters <(yj )^>i for longitudinal waves, average of square of 
ultrasonic Gruneisen parameters <(yj)^>s for shear waves (polarized along <11 0> direction). 


non-linear parameters Di for longitudinal wa\’es, Ds for shear wave (polarized along <110> 
direction) and ratio of non linearity parameters (Di / Ds) of the sem-imetallics at the temperature 
range 100-30QK along <100> crystallographic directions. 


Material 

Temp.[K] 

<7i>i 

<(Y^'>i 

<(Yl’)'>s 

D, 

Ds 

D,/Ds 

GdP 

100 

13.971 

7.841 

6.196 

85.107 

55.761 

1.526 


200 

15.910 

8.675 

5.701 

108.151 

51.311 

2.108 


300 

14.967 

7.158 

9.182 

108.421 

82.636 

1.312 

GdAs 

100 

10.026 

1.063 

41.382 

85.122 

372.441 

0.228 


200 

15.608 

6.732 

28.899 

114.027 

260.091 

0.438 


300 

15.043 

6.638 

27.327 

111.739 

245.944 

0.454 

GdSb 

100 

19.356 

11.508 

7.847 

123.420 

70.888 

1.741 


200 

20.174 

11.745 

7.605 

138.475 

68.445 

2.023 


300 

20.610 

11.656 

7.350 

139.754 

69.514 

2,014 

GdBi 

100 

21.134 

12.703 

8.596 

135.879 

77.364 

1.756 


200 

21.734 

12.759 

8.208 

149.251 

73.873 

2.024 


300 

22.111 

12.604 

7.910 

150.24 

71.186 

2.111 
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Table 9.10 (a/r)th clue to thermoelaslic loss, (a/f")! for longitudinal \\a\’e and (a/f').s for shear 
wa\’e of the semimetallics along <100> direction at the temperature range 100-300K (in the unit 
of 10'‘ s~/cm. 


Material 

Temperature (K) 

(a/f-)th 

(«/!'■ )i 

(a/f")s 

GdP 

100 

0.017 

31.262 

21.669 


200 

0.018 

95.261 

60.849 


300 

0.013 

148.096 

102.701 

GdAs 

100 

0.007 

131.437 

143.059 


200 

0.021 

281.064 

359.430 


300 

0.017 

413.067 

556.054 

GdSb 

100 

0.122 

264.595 

163.329 


200 

0.109 

636.468 

377.689 


300 

0.195 

1315.415 

788.384 

GdBi 

100 

0.270 

600.579 

360.958 


200 

0.225 

1323.685 

775.836 


300 

0.203 

2015.140 

1450.123 


Table 9.11 (a/f")th due to thermoelastic loss, (a/f^)i for longitudinal wave. (a/f“)si for shear wave 

(polarized along <00 1> direction) and (a/f^)s 2 for shear wave (polarized along <11 0> 
direction)of the semimetallics along <100> direction at the temperature range 100-300K (in the 
unit of 10'’*Np s^/cm. 

Material 

Temperature (K) 

(a/f')„, 

(oc/f'), 

(cx/f')si 

(a/f“)s 2 

GdP 

100 

0.018 

24.058 

136.403 

54.601 


200 

0.020 

83.104 

403.161 

152.262 


300 

0.013 

87.222 

710.547 

301.424 

GdAs 

100 

0.007 

56.121 

405.146 

584.027 


200 

0.023 

188.513 

1037.409 

1096.636 


300 

0.019 

269.725 

1647.563 

1681.663 

GdSb 

100 

0.133 

234.993 

1069.934 

478.867 


200 

0.118 

560.654 

2611.899 

1136.982 


300 

0.195 

987.212 

4615.112 

5023.214 

GdBi 

100 

0.297 

547.888 

2364.358 

1072.585 


200 

0.244 

1179.178 

5364.619 

2343.742 


300 

0.245 

2156.321 

9844.221 

5981.234 
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Table 9.12 (a''i“)th due to ihermoelastic loss. (a/f“)i for longitudinal wave and (a/f“)s for shear 

\\a\e{ polarized along <110> direction) of the semimctallics along <11 1> direction at the 
temperature range 100-300K (in the unit of 10"' ^Np s" cm. 


Material 

Temperature (K) 

(cxT-),h 

(a/f-)i 

(a/f-)s 

GdP 

100 

0.018 

37.293 

32.596 


200 

0.020 

130.550 

89.836 


300 

0.016 

217.835 

258.826 

GdAs 

100 

0.004 

67.008 

400.607 


200 

0.024 

220.392 

742.215 


300 

0.021 

329.001 

1153.430 

GdSb 

100 

0.140 

346.435 

280.455 


200 

0.128 

882.618 

672.493 


300 

0.221 

1556.125 

1156.231 

GdBi 

100 

0.309 

784.978 

628.091 


200 

0.265 

1825.420 

1388.451 


300 

0.245 

2456.231 

1825.623 
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CHAPTER-10 


Behaviour of Acoustical Phonons in BCC Metals in 
Low Temperature Region using Morse Potential 

10.1 Introduction 

In the present chapter, temperature dependence of ultrasonic attenuation using Morse 
potential has been studied in transition metals (d-block elements of the Periodic Table) viz. 
Vanadium (V), Niobium (Nb) and Tantalum (Ta) from the 5-80K due to electron-phonon 
interaction for longitudinal and shear waves. It is well known that the chosen metals V, Nb and 
Ta possessed b.c.c. structure and having following interesting properties: 

Vanadium (Z=23), Niobium (Z=41) and Tantalum (Z=73) are the transition elements of 
group VB in b.c.c. phase with outer configuration 3d^4s^, 4d^5s^ and 6s^5d^ respectively, high 
melting points (V=1900°C, Nb=2500°C, Ta=3000®C) and exhibit variable valency. Also, the 
density (p) of transition metals of group VB increases significantly from the Vanadium 
(p=6.1g/cc) to Niobium (p=8.6g/cc), then to Tantalum (p=16.6g/cc). Further, because of 
lanthanide contraction, the covalent and ionic radii of Nb and Ta are almost identical with the 
value of 1 .34A°. Consequently, these two elements have ver}' similar properties, occur together 
and are very difficult to separate. Vanadium forms many different +ive ions, but Niobium and 
Tantalum are metals (highl}’ unreactive and resistant to acid except HF), their compounds in the 
(+5) state are mostly covalent, volatile and readily hydrolyzed properties associated with non 
metals. Finally it is worthwhile to mention that the Vanadium is seldom used on its own, but it is 
used in metal alloys and acts like an important catalyst in oxidation reactions. Niobium is used in 
cliromium nickel stainless steel. Because it is unreactive and is not rejected by the human body, 
tantalum is used for making metal plates, screws and wires for replacing badly fractured bone. 

10.2 Theory 

Theory has been completed in two parts. In the first part discussion has been made about the 
temperature variation of SOEC and in the next part about the ultrasonic attenuation due to e-p 
interaction. A theory is evolved to evaluate second-order elastic constants of body centred cubic 
structure transition metals using Morse potential. Morse parameters are determined from the 
experimental values of lattice parameter, bulk modulus and cohesive energy at absolute zero 
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temperature. Temperature dependence of SOEC has been evaluated using the anharmonic theory 
of lattice dynamics. 

10.2.1 Theory' of the second order elastic constants: 

Girifalco and Weizer [1] used Morse potential to calculate the the second order elastic 
constants at absolue zero lor a number of cubic metals. They came to conclusion that the Moise 
potential can be used to study of atomic properties of metals. 

According to the Morse potential, the interaction energy (l)(r,j) between the two atoms i and j 
separated by a distance r,j is given by 

<j)(r,)= (lO-D 

The average energy per atom is given by 

4) =(1/2)ND (10-2) 

j 

rj is the distance of the j* atom from origin in the lattice. The summation goes to 168 
neighbouring atoms for b.c.c. metals, (j) is defined as the average cohesive energy per atom. It is 
convenient to introduce the following quantities: 

rj = [nij^ + n,^ + 1,^ ] a = Mj a (10-4) 

Where: mj , nj and Ij are the position coordinates of any atom in terms of half the lattice 
parameter “a”. The volume V is 4a^ for b.c.c. metals, The equilibrium condition is that 

d<j)/da = 0 at a = ao 

So the lattice is in equilibrium at the observed lattice parameters. Bulk modulus (B) can be 
expressed as: 

Bulk Modulus (B) = ( a^/9V) ( d‘(j)/da^ )a=ao (10.6) 

For a cubic crystal there are three independent second order elastic constants at absolute zero 
namely Cn, Cn and C44 In this investigation Brugger’s[2] definition of second order elastic 

constants have been used. 

In the central force model, the elastic constants. Cauchy relations: 

^0 ^0 

'^12 ^^44 

Hence only two independent SOEC at absolute zero have been used here 

The expression of the SOEC at absolute zero are given below when Morse potential is used: 
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Applying the anharmonic theory of lattice dynamics developed by Leibfried et al.[3,4], 
SPEC at different temperatures are obtained. Vibrational energy of the crystal changes with 
temperature, therefore adding vibrational energ}' contribution to the elastic constant at absolute 
zero temperature one gets 

(10.9) 


^0 , ^Vib 


aild thus SOEC at required temperature are found, the C™ 's are given as 

c,';* = f<'-"or+f“'o. 


S“.f<''"or+f<='c,,, 


cjf = f('b, , 


( 10 . 10 ) 

( 10 . 11 ) 

( 10 . 12 ) 


Various f^"^’s and Gn’s are given as 
f<^'=A3 2EOcoth(iH!.) 


f(2) 


32 r.^ 


3^3 Ti®o 


2kT 

pcoo 


^0 2kT smh‘\^) 
2kT 


+ coth(^)] 
2kT 


G,=[(8/9)^(r,)(2pi+2p,2-pi')+(l/2) (l)(r2)(2p2+2p2V)]H 
G2=[(8/27)(})(ri)(-6pi-6pi^-pi^+pi'‘)+(l/2) (t)(r2)(-6p2-6p2^-p2^+P2'*)]H 


(10.13) 

(10.14) 

(10.15) 

(10.16) 
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G, ,==f(8/27)(i)(r,)(-6pr6pr-p,^-f-pi')]H {10.17} 

where H=[(4/9) (t)(r! ){pi“-2pi)T( 1/4) (j)(r;)(p2"-2p;)]'' (10.18) 

and ri=roV3. r 2 = 2 ro, pi= ri/b and p 2 = r 2 /b (10.19) 

and (i)(r 1 )=A exp (-ri/b) and (|)(r 2 )=A exp (-iVb) ( 1 0.20) 

where A = 1 .74756 b (^) exp(-’-^) + l2exp (-^)Y^ (10.21) 

To b b 

ro is related to nearest neighbor distance ri and next nearest neighbor distance ri as in eqn. 
(10.19), b is hardness parameter, pis planck’s constants divided 27t and M, being mass of single 
ion. The procedure discussed in chapter II (part A) for obtaining vibrational contribution to 
elastic constants of fc.c. crystals has been used to obtain vibrational contribution in the present 
chapter taking crystal symmetry' into acount. 

10.2.2 Theory' used in ultrasonic attenuation due to electron-phonon interaction 

Debye's theory of specific heat concludes that the energy exchanges occur between free 
electron and lattice vibration (acoustical phonon). Analysis of thermal conductivity were only the 
method by which above effect could be visualized, until the measurements on ultrasonic 
attenuation in metals by Bdmmel [5] and MckMinnon [6]. Their study has shown that ultrasonic 
attenuation provides an additional tool for observing such interactions, since at low’ temperatures, 
electrons are responsible for the major contribution to the ultrasonic attenuation. Not only this 
the investigations of the electron-phonon interactions are also of great interest, as the character of 
these interactions can be controlled with an external electric field. Hence if the carrier drift 
velocity in the external field exceeds the propagation velocity of the elastic waves, then the latter 
are not attenuated but amplified [7] 

At low' temperature in pure metals [8], where the mean free path of electron becomes large 
and is comparable to wavelength of the acoustical phonon. The momentum given to it by 
vibrating lattice is not returned to the lattice at once and viscous loss occurs. 

The attenuation of ultrasonic waves caused by the energy loss due to compresional and shear 
viscosities of the lattice [9] at low temperature are as given by eqns. (2.43) and (2.44) in chapter 
II. 

10.3 Evaluations, results and discussions: 

The Morse parameters D, a and ro have been determined by using eqns. (10.2) to (10.6) and 
experimental values of lattice parameter, bulk modulus and cohesive energy of these metals. The 
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\’alues of lattice parameter, bulk modulus and cohesive energy of these metals ha\’e been taken 
from the literature [10]. The values of D. a and ro are presented in Table 10.1, these values of D. 
a and ro have been used to evaluate SOEC at absolute zero as eqns.(10.7) and (10.8). 

For \'ibrational contribution, the \’alues of nearest neighbor distance [10] ro =2.62A''’. 2.86A*^' 
and 2.86.A° for Vanadium, Niobium and Tantalum respectively and hardness parameter [11] 
b=0.303A” for all metals. Using the theory discussed above, SOEC at different temperatures 
have been computed and presented in Table 10.2. Taking resistivity values [12.13] and 
temperature variation density [14], the temperature dependence of ultrasonic attenuation due to 
electron-phonon interaction [(a/f")iong and (a/f^)shear for longitudinal and shear waves 
respectively] have been evaluated using eqns. (2.37) and (2.38) in chapter II. The temperature 
variation of ultrasonic attenuation for longitudinal and shear waves for the transition metals are 
presented in Tables 10.3, 10.4 and 10.5 (Values of ultrasonic velocities Vi and Vs, electronic 
viscosity (r|e) and resistivity (R) are also presented in these Tables) and figs. 10.1 to 10.2. 

The order of elastic constants at lower temperature is same as presented in the literatures [10, 
15-19] for these metals. The ultrasonic attenuation values from 5K to 80K in the metallic crystal 
Vanadium, Niobium and Tantalum obtained, are shown in figs. 10.1 to 10.6 from 5K to 80K for 
longitudinal and shear waves. Present study shows that the attenuation of sound waves decreases 
rapidly as temperature increases and it becomes negligible small at 60K as compared to low 
temperature value for these transition metals. Thus e-p interaction in these b.c.c. metals almost 
ceases at 45K. Ultrasonic attenuation for shear wave (a/f~)shear is greater than ultrasonic 
attenuation for longitudinal wave (a/f‘)iong.in case of Vanadium and Tantalum, while ultrasonic 
attenuation for shear wave (a/f“)shear is smaller than ultrasonic attenuation for longitudinal wave 
(a/f^)iong-in case of Niobium. Thus the behavior in all metals of ultrasonic atenuation due to 
electron-phonon interaction is the same as presented by Kor and Mishra [19]. The values of 
(a/f^)iong and (a/f")shcar for longitudinal and shear waves does not vary much because of values of 
Cii and C44. The values of (a/f")iong and (a/f^)shear for longitudinal and shear waves are 
decreasing with temperature as studied in previous studies [17,18]. Although values of (cx/f^)iong 
and (a/f')shear for longitudinal and shear waves are very low using Morse potential. But the 
variation is the same as observed previously. 
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Hence present study confirms the \’alidity of present approach employing Morse potential for 
the ultrasonic attenuation due to e-p interaction in these metals. 


Table 10.1 The Morse parameters D, a and ro for the transition metals V, Nb and Ta 


Matrial 

D (in 10'*'*ergs) 

a in (lO'^cm)'’ 

roin(lO'^cm) 

V 

12.321 

1.5413 

2.367 

Nb 

18.051 

1.3535 

2.518 

Ta 

19.819 

1.3215 

2.519 


Table 10.2 Second order elastic constants (SOEC) of the metals in the unit of lO'^Dyne/cm. at 


the temperature range 5-80K 


Metal 

SOEC 

5 

10 

20 

30 

40 

50 

60 

70 

80 

V 

Cu 

2.425 

2.425 

2.425 

2.425 

2.425 

2.425 

2.425 

2.426 

2.426 


Cl2 

1.143 

1.143 

1.143 

1.143 

1.142 

1.142 

1.142 

1.142 

1.142 


C 44 

0.521 

0.521 

0.520 

0.521 

0.522 

0.522 

0.522 

0.523 

0.523 

Nb 

C,1 

2.622 

2.622 

2.622 

2.622 

2.621 

2.622 

2.623 

2.623 

2.623 


c,2 

1.256 

1.256 

1.256 

1.256 

1.255 

1.255 

1.255 

1.255 

1.254 


C 44 

0.442 

0.442 

0.442 

0.443 

0.443 

0.443 

0.443 

0.443 

0.444 

Ta 

Cii 

2.714 

2.714 

2.713 

2.714 

2.715 

2.715 

2.715 

2.716 

2.716 


C 12 

1.504 

1.504 

1.504 

1.503 

1.503 

1.503 

1.502 

1.502 

1.502 


C 44 

0.973 

0.973 

0.973 

0.973 

0.973 

0.973 

0.974 

0.974 

0.974 
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Table 10.3 Ultrasonic \'clocilics (\'i for longitudinal \\a\’c and Vs for shear wave) in the unit of 
lO^cm/s. electrical resistiviK' (R) in the unit of lO'^Q cm, viscosity (rje) in the unit of cp. (a/f")i 
for longitudinal wave in the unit of 10'’^Np s“/cm and (a/f~)s for shear wave in the unit of 10' 
Np s“/cm of Vanadium at the temperature range 2-80K. 


Temp.(K) 

V| 

Vs 

R 

rie 

(a/f")i 

(a/f')s 

5 

6.285 

2.913 

0.013 

2.753 

4.695 

32.657 

10 

6.286 

2.913 

0.014 

2.556 

4.358 

30.322 

20 

6.288 

2.913 

0.037 

0.967 

1.647 

11.477 

30 

6.289 

2.913 

0.014 

0.098 

0.981 

3.035 

40 

6.290 

2.913 

0.380 

0.094 

0.160 

1.118 

50 

6.293 

2.913 

0.750 

0.048 

0.081 

0.566 

60 

6.292 

2.913 

1.270 

0.028 

0.048 

0.334 

70 

6.293 

2.914 

1.900 

0.019 

0.032 

0.223 

80 

6.295 

2.914 

2.650 

0.013 

0.023 

0.160 

Table 10.4 Ultrasonic velocities (Vi for longitudinal wave 

and Vs for shear wave) in the unit of 

lO^cm/s, electrical resistivity (R) in the unit of lO'^’Q cm. 

viscosity (pe) 

in the unit of cp, (a/f")i 

for longitudinal wave in the unit of 10''’Np s"/cm and (a/f“)s for shear wave in the unit of 

10‘'’Np sVcm of Niobium at the temperature range 2-80K. 



Temp.(K) 

V, 

Vs 

R 

Tie 

(a/f'), 

(a/f')s 

5 

5.414 

2.223 

0.020 

1.424 

2.608 

26.073 

10 

5.415 

2.223 

0.030 

0.949 

1.738 

17.384 

20 

5.415 

2.223 

0.080 

0.356 

0.652 

6.518 

30 

5.416 

2.223 

0.250 

0.114 

0.209 

2.086 

40 

5.416 

2.224 

0.560 

0.051 

0.093 

0.931 

50 

5.416 

2.224 

0.970 

0.029 

0.054 

0.537 

60 

5.417 

2.224 

1.500 

0.019 

0.035 

0.348 

70 

5.417 

2.224 

2.070 

0.014 

0.026 

0.258 

80 

5.418 

2.225 

2.680 

0.011 

0.019 

0.195 


ini 





Table 10.5 Ultrasonic velocities (\’i for longitudinal wave and Vs for shear \\a\'e) in the unit of 
1 0'^'cm/s, electrical resistivity (R) in the unit of 1 0'^Q cm. viscosity (rie) in the unit of cp. (a/f')i 
for longitudinal wave in the unit of 10’' ’Np s*/cm and (a/f‘)s for shear wave in the unit of 10' 
’"^Np s^/cm of Tantalum at the temperature range 2-80K. 


Temp.(K) 

V, 

Vs 

R 


(a/f“), 

(a/f')s 

5 

4.020 

2.407 

0.003 

1.111 

26.475 

85.412 

10 

4.020 

2.407 

0.003 

1.046 

25.647 

82.737 

20 

4.020 

2.407 

0.051 

0.675 

1.609 

5.918 

30 

4.020 

2.407 

0.230 

0.149 

0.357 

1.151 

40 

4.020 

2.407 

0.540 

0.064 

0.152 

0.490 

50 

4.020 

2.407 

0.950 

0.036 

0.086 

0.279 

60 

4.021 

2.407 

1.430 

0.024 

0.057 

0.185 

70 

4.021 

2.407 

1.960 

0.017 

0.042 

0.135 

80 

4.021 

2.407 

2.500 

0.014 

0.033 

0.106 
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CHAPTER-11 A 

Experimental Techniques and Methodology 

lla.l Introduction 

A number of experimental techniques are available now a day for precise 
determination ultrasonic absorption in different media. The choice and use of an 
indi\idual technique obviously depend upon (a) whether the medium is solid, liquid or 
gas and (b) the desired external conditions (frequency, temperature, concentration etc.) 
and accuracy of measurements. 

Different available techniques can be categorized under the following two heads: 

(i) Standing wave technique 

(ii) Progressive wave technique 

The standing wave techniques work well for measurements below IMHz, but at 
higher frequencies progressive w'ave methods are decidedly more suitable. 

Standing wave technique 

These techniques make use of the fact that the energy of stationary sound wave 
betw'een the boundaries of a test fluid, decays exponentially according to the law 

Et=Eo exp (-25t) (llA.l) 

Where Et and Eo, respectively stand for the acoustic energies at time t=t and t=0 and 
5=ac (a being the absorption and c the velocity of sound in fluid) 

The decay constant is highly sensitive to boundary losses, which increase with 
frequency and cause limitations to use standing wave teclmiques at high frequencies. The 
reverberation method [1-3], the resonance technique [4-7] and the tunning fork technique 
[8] are the representatives of standing wave technique. 

Progressive wave technique 

The intensity of plane progressive waves in a medium falls off exponentially with 
distance travelled, according to relation 

Ix=Io exp (-2ax) (1 1 A.2) 

Where D and lo represent the intensity of acoustic waves at a distance x from the 
source and incident intensity respectively. In progressive wave techniques use of eqn. 
(lla.2), typically, the intensity verses distance plot directly gives the absorption 
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coefticient. This technique is parlicularh useful for high frequency measurement. At low 
frequencies, the\' need a large Ouid column for considerable absorption, which is 
inconc’enient to handle with. Moreo\'er very large transmitters are required to gi\'e a 
proper directivit}' of the sound beam. 

Methods based on the progressi\’e wave technique are classified in the following 
three groups 

1 . Mechanical technique 

2. Optical technique and 

3. Electrical technique 

Electrical methods 

Under this there are three general methods for the measurement of ultrasonic 
attenuation and velocity in fluids based upon the progressive wave technique. 

(a) Interferometric technique, 

(b) Direct teclmique and 

(c) Pulse technique. 

The choice of experimental techniques employed for measuring ultrasonic absoiption 
in fluids is governed principally by the range of frequency over which the studies arc to 
be carried on and volume of fluid available. In liquid crystal since even large volumes 
can be procured, one may choose the method only on the basis of frequency 
considerations. It is found that the following methods are most suitable in frequency 
regions noted against [9J in Table 1 la.l 
Table lla.l: Various techniques with frequency range 


Technique 

Frequency range 

Tunning fork technique 

100-300HZ 

Resonant sphere technique 

SKHz-l.SMHZ 

Reverberation technique 

50KHz-lMHz 

Streaming technique 

150KHz-2MHz 

Optical (Debye-shear’s) technique 

l.SMHz-lOOMHz 

Pulse technique 

1.5MHz-200MHz 
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Fig. 1 la.2 Photograph of experimental set up used for ultrasonic absorption 
measurement 
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The upper frequency limit of pulse technique has been increased upto 650h'IHz. In the 
present investigation pulse technique is used for ultrasonic absorption measurement in the 
frequency region 5MHz-55MHz. 

llb.2 Pulse technique 

This technique was first initially applied by Pellam and Galt [10] and Pinkerton [11] 
in ultrasonic measurements and further modified by Atkinson et al.[12]. Pulse teclmique 
is the most suitable technique extensively used these days. Before starting a detailed 
consideration of this method let us discuss the inevitable limitations of progressive wave 
methods, because these methods use continuous waves, the following defects may creep 
in 

(1) Use of considerably high power source, necessary for making measurement at high 
frequencies leads to appreciable heating of the test fluid and a consequent change in 
the intrinsic absorption. 

(2) The phenomenon of condition, which in\'olves the formation, and subsequent 
collapse of gas bubbles, leads to scattering of sound energy and thus affecting the 
absorption. 

(3) The phenomenon of scattering or d.c flow of the test fluid causes an error in the 
measured absorption. 

(4) The fourth practical source of error is introduced in setting up the standing waves. 

All these defect are virtually remo\'ed by the pulse technique. The arrangement 

consists of a quartz transducer and a polished reflector like variable path interferometer 
method. Short pulses of radio frequency are used to excite the transmitting crystal. The 
corresponding acoustic pulse is reflected and picked up by the same transducer now 
acting as receiver. By the use of suitable electronic equipment and initial and reflected 
pulses may be compared on an oscilloscope. In the present technique two quartz crystals 
were used one as transmitter and other receiver. The transmitter crystal is smaller than the 
receiver crystal 

The present experimental set up as represented in the block diagram of Fig. lla.l 
(and the photograph of the experimental set up is shown in Fig. lla.2) consists of the 
following electronic and mechanical units. 
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Fig. 1 la.3 Photograph of measuring cell (Darwari Cell) used for ultrasonic 
absorption measurement 
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(a) Ultrasonic cell 

(b) Pre-amplifier 

(c) Pulse receiver (amplifier) 

(d) Attenuator and 

(e) Oscilloscope 

(a) Pulse Transmitter 

This is of the Chesapeake model U-100. The pulser works for frequencies between 1- 
210MHz and pulses of 1,1.5 and 6 microseconds width are obtainable within this range. 
The output of pulser can be varied upto 1000 Watts with the help of potentiometer 
device. A variable capacitor and a set of twelve plug in coils can produce pulses in 
different frequency regions. The rise time of the pulser is 0.5 microseconds. The pulser 
repetition rate can also be varied from 50 to as high as 70000 pulses per second. If 
needed, the pulse can also be used to trigger some other unit. 

(b) Ultrasonic Cell 

It is locally designed metallic vessel, which can be leveled with three screws. Water 
is circulated through a narrow tube wrapped on the surface of the cell. The temperature is 
controlled by ultra thermostat (model: NBE 12953). The accuracy of thermostat is 
±0.5°C. The X-cut quartz crystal is fixed at the bottom of the cell and works as receiver, 
while another crystal held vertically above and parallel to receiver work as transmitter 
and can be moved up and down within an accuracy of ±0.001 cm. The ultrasonic cell is 
essentially the same as assembled by Darwari [13] (shown in Fig.l la.3). The photograph 
of the cell is designed with the following considerations: 

(i) The transmitter crystal is smaller than the receiver crystal. 

(ii) Very good adjustment can be made for crystal parallelism and for that reason very 
high frequency (Upto 300MHz). 

(iii) This can be kept in the vessel not open to air and therefore, will not change the 
concentration of the solution even if kept for a long time. 

(iv) The whole cell can be immersed in a constant temperature bath and can be used 
for temperature variation. 

(v) The cell is made of stainless steel. 
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(vi) The movable crystal can be moved continuously and distance can be read upto 
third decimal place of a cm. 

(c) Pre-amplifier 

Arenberg PA 620B tuned preamplifier is used to receive the signal after travelling 
the substance. This is small unit and is placed near the receiving transducer. The 
preamplifier covers 5-60 MHz frequency range in ten steps with a gain approximately 
equal to 35 dB. Input tuning is achieved with the help of inductance coil. 

(d) Pulse Receiver 

Arenberg wideband amplifier model WA 600 D is used as receiver. This amplifier 
covers a range of frequencies 1-65 MHz with an overall gain of 65 dB. The input 
impedance is 93 Q and the video bandwidth of the amplifier is 3 MHz. Maximum output 
detected is of the order of 10 volts. 

(e) Standard Attenuator 

A kay type attenuator (model 32-0) is introduced between amplifier and oscilloscope. 
It can produce attenuation from 1 to 100 dB in step of 1 dB for electrical pulse upto 1000 
MHz. The incident insertion loss is negligible. 

(f) Oscilloscope 

Systronics (model; 560) Cathode Ray Oscilloscope is a wide band portable 
oscilloscope (Fig.lla.2). The dual channel DC to 60MHz vertical deflection system 
provides calibrated deflection factors from 2mV/cm to lOmV/cm. A 140 ns delay line is 
incorporated in the vertical system, facilitates the full display of triggering edge. The 
triggering circuit provides stable sweep triggering to beyond the bandwidth of the vertical 
system. The horizontal deflection system has a dual delay sweep system. The main time 
base has calibrated sweep from 0.1 pS/div to 0.5 pS/div. A lOturn dial provides 
continuous delay control. A 1 0 KV PDA provides a bright trace even in the fastest sweep 
speed. The regulated power supplies ensure that the CRO performance is not affected by 
variation of line voltage within +/-10% limits. 

Measurement of Ultrasonic Absorption 

The ultrasonic attenuation coefficient (a) obtained as follows 

a=ln(Ai/ A 2 )/(X 2 - Xi) Np/cra (1 1 A.3) 

where Ai and A 2 are the amplitude of the peaks positioned at Xi and X 2 
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llb.3 Working principle and procedure of single crystal variable path 
interferometer to evaluate ultrasonic velocity: 

The principle of ultrasonic interferometer (M/S Mittal Enterprises, New Delhi) used in 
velocity measurement is based on the accurate determination of the wavelength (X) in the 



Fig. 1 la. 5 Diagram of ultrasonic interferometer to measure ultrasonic velocity 


medium. Ultrasonic waves of known medium, ultrasonic waves of known frequency (f) 
are produced by a quartz plate fixed at the bottom of the metallic plate kept parallel to the 
quartz plate. If the separation between these two plates is an exact multiple of sound 
wavelength, standing waves are formed in the medium. This acoustic resonance gives rise 
to an electrical impulse on the generator driving the quartz plate and consequently, the 
anode current of the generator becomes maximum. 
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Fig 1 la.6 Schematic diagram of Ultrasonic velocity measurement cell 
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If the distance between the plates is increased or decreased such that the variation is 
exactly one half wavelength (X/2) or multiple of it, anode current again becomes 
maximum. From the knowledge of wavelength (?.), the velocity can be obtained by the 
relation 

V=^.f (nA.4) 

The ultrasonic interferometer consists of the following parts 

(i) The high frequency ultrasonic wave generator 

(ii) The measuring cell 



Fig. 1 1 a.7 Variation of position of reflector and crystal current 

(i) The high frequency ultrasonic wave generator 

It is designed to excite the quartz plate fixed at the bottom of measuring cell at its 
resonant frequency to generate ultrasonic waves in the experimental liquid filled in the 
measuring cell. Block diagram of high frequency generator is shown in Fig.l la.5. 

(ii) The measuring cell 

It is made of a double walled cell so that the temperature of the liquid is kept 
constant during the observation. A fine micrometer screw has been provided at the top, 
which can lower or raise the reflector plate in the cell through the known distance. It has 
a quartz plate fixed at its bottom whose schematic diagram is shown in Figs. 1 la.6. 
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Measurement 

The measuring cell is connected to the output terminal of high frequency generator 
through a shielded cable. The cell is filled with the experimental liquid before switching 
on the generator. The ultrasonic waves move normal from the crystal till they are 
reflected back from the movable plate and the standing waves are formed in the liquid in 
between the reflector plate and the quartz crystal. 

The micrometer is slowly moved till the anode currentmeter on high frequency 
generator shows a maximum. A number of maximum readings of anode current are 
passed on and their ‘n’ is counted. The total distance (d) thus moved by the micrometer 
gives the value of wavelength (X) with the help of following relation: 

V=nXX/2 (11A.5) 

Once the wavelength (k) is known the velocity (V) in the fluid can be calculated with 
the help of eqn. (1 1A.4). 

Study with the variation temperature 

The variation in the velocity with temperature is to be studied, water at various 
desired constant temperature is made to circulate through the double walled jacket of the 
cell with thermostat (Model: NBE 12953). The nipples are provided at the lower 
cylindrical portion of cell for circulating water around the experimental fluid. 
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CHAPTER-1 IB 

Ultrasonic Measurements in Lyotropic Liquid Crystal 

llb.l Introduction 

Ultrasonics is a versatile tool for studying the properties of solids [1,2], liquids [3,4] and 
liquid crystals [5,6]. In recent years, in solid (in all type of solids), liquids (pure and electrolytic 
solutions), the absorption and dispersion are well understood and most of the cases the 
absorption values are explained. There are several books and review articles, which give in 
details, the ultrasonic absorption in solid and liquid, however in liquid crystal, the ultrasonic 
absorption, are not properly explained. Different investigators have tried to explain the ultrasonic 
absorption in liquid crystals with the different theories and no single theory could explain the 
ultrasonic absorption as a function of temperature, frequency and concentration. 

“Liquid crystals are beautiful and mysterious, I am fond of them for both reason.” -P.G.de 
Gennes, 1972. 

In this first sentence of his seminal book “The Physics of Liquid Crystals,” Pierre Gilles de 
Gennes [7] has succinctly state that appeal that liquid Crystals for all of us working in this field. 
The term “liquid Crystals”, in fact, refers to a number of distinct states of matter that have 
structural order intermediate between that of conventional liquids and solids. 

Different workers have investigated the two forms of liquid crystals, thermotropic and 
lyotropic. Thermotropic liquid crystals [8] the main criteria is the temperature, as the temperature 
varied the liquid crystalline properties are seen. In the case of lyotropic liquid crystals, 
concentration of the substance is the main criteria, but the temperature also plays some role in 
few cases. Lyotropic liquid crystal have been studied mostly in aqueous solutions and recently 
the studies are extended to non-aqueous solution. Amphiphilic molecules contain two or more 
functional groups with different chemical affinities. They build interfaces, which limit the 
contact between these two parts. Interfaces of soap molecule in presence of water separate the 
paraffinic chain from the water [9] and form aggregates of various shapes. Classically, the 
aggregates can be infinite with flat or cylindrical interfacial curvatures and packed with long 
range translational order in the well known lamellar, cubic and hexagonal phases or they can be 
finite, quasispherical and packed without any long range order in miscellar phase. However, 
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Rosenblant et al. [10] have shown that long range ordering of finite aggregates is possible. In the 
translational order, miscellar build a cubic structure while in oriental order, oblate or prelate 
spheroids are dispersed in the solution with their axis nearly parallel to each other and a nematic 
phase is formed. The possible factors controlling the shape of aggregates, their interactions and 
some of their physical properties like ultrasonic velocity and absorption in this chapter. The 
effect of additive are demonstrated and discussed for selected surfactant systems with respect to 
phase stability and the induction of neighboring states. In lyotropic liquid crystals the ultrasonic 
and other studies have been made mostly in aqueous solutions [9,10] and now studies are 
extended to non-aqueous solutions [1 1-13]. 

In the present chapter, Cetyl trimethylammonium bromide (CTAB-Ci 9 H 42 BrN) in non- 
aqueous solution of ethylene glycol (CH2(0H)CH20H) has been taken for study. Ultrasonic 
absorption measurements have been made as a function of concentration and temperature at a 
fixed frequency of 5 MHz and velocity at 2 MHz. To the knowledge of the author such ultrasonic 
studies in non-aqueous solution of ethylene glycol have not been reported. The non-aqueous 
solutions studies are in formamide, glycerol etc. 

It seems very important to make the ultrasonic absorption measurements in materials, 
especially in liquid crystalline phases, because the instruments utilizing the ultrasonics have been 
used in medical and biological fields. Accumulation of absorption data and the classification of 
the cause of absorption are so desired in various systems. 
llb.2 Molecule studied 

Lyotropic amphiphilic nematic phase first found to exist in quaternary system of sodium 
decyl sulphate, sodium sulphate, decanol and D 2 O [16,17]. Quaternary systems have generally 
been found to be very flexible, frequently stable, when subjected to large variations in 
composition and temperature. Detergents such as potassium dodecanoate [18], alkyl 
trimetylammonium bromide [19] and decyl ammonium chloride [20] provides quartemary 
nematic mesophase. Nematic phase samples can also be obtained by using mixed detergents with 
oppositely charged head groups [21]. Most quartemary systems can be modified by leaving out 
the salt [22] or decanol resulting in ternary systems which still maintain a nematic phase under a 
wide range of temperature and composition variation. The ideal lyotropic amphiphilic nematic 
phase systems from the theoretical and experimental point of view can be derived from a binary 
system of detergent and D 2 O only. Francois [23] has observed the mesophases in 
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decaethyleneglycol monolaurylether/water and other soap/water binary systems. A well defined 
phase diagram of cesium perfluorooctanoate (CePFO)/ D 2 O has been demonstrated by Boden at 
al. [24], where the lamellar phase undergoes a phase transition to isotropic phase by two 
processes. 

(i) directly via a first order transition 

(ii) indirectly via a second order transition through a nematic phase [25] 

In the continuation of above binary system studied, the present chapter deals with the study 
of ultrasonic velocity and absorption of N-cetyl N, N, N-trimethyl ammonium bromide (CTAB) 
in non aqueous solution of ethylene glycol as a function of concentration and temperature. 

The CTAB used in the present investigation were supplied by Loba Chemmie India Ltd of 
stated purity 99% and ethylene glycol were supplied by Qualigen Chemical India purity 98%. 
These substances were used without further purification. 
llb.3 Experimental techniques 

CTAB and ethylene glycol used are 99% pure and no further purification have been made. 
The velocity measurements have been made by standard variable path interferometer at 2 MHz. 
The temperature variation is accurate to ±0.5°C and velocity to ±0.1%. Standard pulse 
transmission technique has been used for ultrasonic absorption measurements at 5 MHz. The 
transmitting-receiving crystals are made parallel to each other by levelling screws and examining 
the exponential decay of the pulses. The receiving crystal is bigger than the transmitting crystal. 
The absorption measurements have been made in Frennel’s region and therefore no correction is 
needed. The distance between the crystals are changed and the attenuation (a) is obtained by 
finding the slope of the curve between the intensity (decibel) and distance moved by the crystal. 
This (a) divided by the frequency square give (a/f"). Water from a thermostat is circulated 
around the sample to keep the temperature constant. The accuracy in the absorption measurement 
is ±5%. Several known values of standard liquids have been checked, including water so as to 
have satisfaction in absorption and velocity measurements. The observations have been repeated 
several times. 

llb.4 Experimental results 

Ultrasonic velocity measurements have been made at frequency of 2 MHz as a function of 
temperature and concentration. Absorption measurements have been made at 5 MHz as a 
function of temperature and concentration. Firstly, the velocity measurements have been made as 
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they are very accurate and ensure the overall behaviour of the liquid crystal. Velocity 
measurements at 25°C as a function of concentration of the substance are presented in Table 
1 Ib.l and Fig 1 Ib.l. It is observed that a distinct velocity minima is observed at 6.5g/100ml of 
the CTAB in ethylene glycol. Next velocity measurements have been made at 6.5g/I00ml as a 
function of temperature and distinct minima is obser\'ed at 15°C as shown in Table llb.2 and 
Fig. llb.2. The same type of variation of ultrasonic velocity is observed at Ig/lOOml and 
8g/ 100ml. However as the concentration increases the velocity decreases. The velocity minima is 
most distinct at 6.5g/100ml. 

Ultrasonic absorption measurements have been made at 5 MHz as a function of 
concentration and temperature. Table llb.3 and Fig. llb.3 shows the absorption maxima at 
6.5g/100ml at 25®C for CTAB in ethylene glycol. Ultrasonic absorption measurements have been 
made at 5MHz as a function of temperature as shown in Table nb.4 and Fig. llb.4 and a 
maxima at 15°C is observed. 
llb.6 Discussions 

Only few ultrasonic measurements have been made in non-aqueous solutions. Mostly the 
solvents used are formamide and glycerol [14,26], which have similar ultrasonic behaviour as 
that of water. No relaxation frequency is observed in these solvents in the frequency range 
studied and thus the complete analysis of the data are possible. However, in the present study we 
have used ethylene glycol, which has a relaxation frequency [27], To our knowledge no 
ultrasonic study in lyotropic liquid crystal has been made using ethylene glycol as solvent. This 
is obvious by the fact that ethylene glycol itself shows a variation of ultrasonic absorption (a/f) 
with frequency which is characteristic of a relaxation phenomenon. 

The aim of the present study is to see that CTAB in ethylene glycol shows micelle formation 
or not. Using ethylene glycol micellization of cationic surfactant have been studied [28], which 
shows the micelle formation. Keeping this in mind an attempt has been made to check if micelle 
formation takes place using CTAB as surfactant in ethylene glycol. In the present study 
ultrasonic absorption maxima is observed at 6.5g/100ml and velocity minima is also observed at 
the same concentration. The critical temperature is 15°C and the characteristic is very 
predominant at 6.5g/100ml. Thus, it is conclusively proved in the present work that micelle 
formation takes place for the surfactant CTAB in ethylene glycol. Such behaviour of absorption 
maxima and velocity minima is similar to that previously observed in thermotropic liquid 
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crystals, binary liquids and liquid gas system at the critical point. The behaviour is of the same 
type as observed by Dyro and Elmonds [11]. No quantitative analysis is possible as the solvent 
itself shows a relaxation frequency. 

The preliminary results obtained in the present work can be used for further im'estigation 
using other methods such as polarizing microscope, X-rays, surface tension, NMR and other 
conventional methods for making a complete analysis. 
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Table llb.l Ultrasonic velocity (m/s) in different concentration of CTAB in nonaqueous 
solution of ethylene glycol at 25°C (2MHz). 


Concentration of CTAB /100ml 

Velocity (m/s) 

1 

1653 

2 

1652 

3 

1651 

4 

1650 

5 

1645 

6 

1638 

7 

1640 

8 

1644 

9 

1650 

Table llb.2 Ultrasonic velocity (m/s) 

in 6.5g/100ml of CTAB in nonaqueous solution of 

ethylene glycol at the temperature range 10-25°C (2MHz). 

Temperature [C] 

Velocity (m/s) 

10 

1730 

12 

1650 

13 

1600 

14 

1550 

15 

1490 

16 

1510 

17 

1540 

18 

1560 

20 

1600 

22 

1620 

24 

1630 

25 

1638 
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Table llb.3 Ultrasonic absorption (a/f“) in different concentration of CTAB in nonaqueous 
solution of ethylene glycol at 25°C (5MHz). 


Concentration of CTAB /100ml 

(a/f^)X10''’Np s^/cm 

1 

50 

2 

72 

3 

80 

4 

93 

5 

100 

6 

110 

6 

115 

7 

110 

8 

90 

9 

73 

Table llb.4 Ultrasonic absorption (ct/f^) 

in 6.5g/100ml of CTAB in nonaqueous solution of 

ethylene glycol at the temperature range 1 0-20°C (5MHz). 

Temperature [C] 

(a/f^)X10''’Np s^/cm 

11 

150 

12 

155 

13 

165 

14 

190 

15 

242 

16 

212 

17 

190 

18 

170 

20 

140 
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Appendix-A 


Table A.l Equations for Gruneisenumbers along < 100 > for longitudinal waves: 


Type of wave 

No. of 
Modes 

Equations for <y , > 

Longitudinal 

1 

3 Cn +Cij, 



2 C„ 

Shear 

2 

Qi + 

2C44 

Longitudinal 

2 

^11 + ^112 



2C„ 

Shear 

2 

2C44 + C12 + Cigg 



2C44 

Shear 

2 

^12 + ^144 



2C44 

Longitudinal 

2 

2 Ci 2 + C] ,2 + 2 C ,44 + Cj 23 



2 (C„+C, 2 + 2 C 44 ) 

Shear 

2 

2 C [2 +Ch2 -Ci 23 



2 (C„-C, 2 ) 

Shear 

2 

C12 +2C44 +C,66 



2C44 

Longitudinal 

4 

2 (C„ + C,2 + C44 ) + C,, , / 2 + 3 C „2 / 2 + 2 C ,66 



2 (C„+C, 2 + 2 C 44 ) 

Shear 

4 

2Cj| + (Cm - C|J2)/2 



2(Cii — C12) 

Shear 

4 

Cil+C, 2 +C, 44 +C ,66 



4C44 

Longitudinal 

4 

5 Cii +^0C,2 +8C44 +Cii[ +6C112 + 2 Cj 23 + 4Ci44 +8C166 



6 (C„+ 2 C, 2 + 4 C 44 ) 

Shear 

4 

4 C,, +5C|2 + C44 +(Ci,, +3C,,2)/2 + (C,44 + 5 Ci 66 )/ 2 - 2 Ci 23 



6(Cjj -C12 + C44) 

Shear 

4 

2 Ci, +C12 + C44 +(C,ji -Ch2)/2 + (Ci 44 + Ci 6 g )/2 



2 (C„-C, 2 +C 44 ) 
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Table A.2 Equations for Griineisenumbers along <100> for shear waves; 


Type of wave 

No.of 

Modes 

Equations for <y/ > 

Longitudinal 

2 

+ Ci 2 + C 44 + Ci56 

2 (Ci, +€,2 + 2044 ) 

Shear 

2 

+ C 44 + C 456 

2 C 44 

Shear 

2 

4.^12 “^11 + 2 C 44 

2(C„-C,2) 

Longitudinal 

4 

2Cj ] + 4C,2 + I 4 C 44 + 4C,44 + 80,66 + ^^456 

6 ( 0 „+ 20 , 2 + 4044 ) 

Shear 

4 

4. 20 , , + 20,2 + ^^44 “ (^144 2 O 456 ) ^166 

6 ( 0 ,, - 0,2 + O 44 ) 

Shear 

4 

4 . 2 O 44 - 0,44 +^166 

2 (Cjj — C 12 + C 44 ) 


Table A.3 Equations for Griineisenumbers along <1 10> for longitudinal waves: 


Type of wave 

No.of 

Mode 

s 

Equations for <y / > 

Longitudinal 

2 

30,, +0,2 + 0j,, + 0,,2 

Shear 

1 

40,, 

20 ,, + 20 , ,2 

Longitudinal 

2 

40,1 

0, 1 + 0,2 + 2 O 44 + 20,66 

Shear 

2 

4 O 44 

20,2 + 2 O 44 + 0,44 + 0,66 

Shear 

2 

4 C 44 

0,, +0,2+0,44+0,66 

Longitudinal 

4 

2 O 44 

20, , + 40,2 + 2 O 44 + (0, , , + 50, 12 ) / 2 + 20,44 + 20,66 

Longitudinal 

1 

4(0,, + 0 , 2 + 2044 ) 

50,1+50,2 + 7044 + 0 ,,, +30,12+80,66 

Longitudinal 

1 

4(0,1+0,2+2044) 

30,, +30,2 ~3^44 ■*■^111 + 30,12 

Shear 

4 

4(0,1 +^12 + 2 O 44 ) 

20,1 + 20,2 + ( 0 , 1 , + ^ 112) '^2 — 0,23 



4(C, 1 - 0 , 2 ) 
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1 3Cii+Ci,+2C44 + C,„-Cn. 

4 (Cu-C, 2) 

^ 3^11 -C]; -2C44 +Ct]) -Cip 

4(Cn-C,2) 

^ 3 Ci 1 + 2Ci. + 2C44 + 2 Ci44 + 2C„4 + 2C.„ 

8C44 

^ ^11 +-^^12 +4C44 +C,44+3C|4fi 

8C44 

^ 1 + 20,2 - 2C44 + 2Ci44 + 2Ci - 2C^,^ 

8C44 

“ ^ ^Ci2 + 1 SC44 + Cl 1 1 + 6C„2 + 2 Ci 23 + 6C,44 + 12c, gfi + 4C444 

6(C„+2C,2 + 4C44) 

- 4Ci, + 8 C 12 +C 44 H-Ciii + 6 C ,,2 +2C,23 +2C,44 + 4 Q 4 . -40... 

6(C„ + 2Ci2 + 4C44) 

“ 9(Ci 1 + C)2 + €44)+ C)!] + jCj]2 ~3Cj 44 + 9C;5g ~4C45g 

12(C]| -C]2 +C44) 

“ 7Ci] +^^Ct2-5C44 + Cm-C)|2 + Ci44 + Ci65-4Ci23 

12(Cu -C|2 + C44) 

“ -^CCii + C12 + €44) + Cm ~C,]2 + C]44 + C155 -C455 

4(Cii ~Q2 C44) 

2 5 C]; + C;2 +C44 +Cm -Ci[2 + C[44 + C^gg + 0455 

4(Cn -Ci2 + C44) 

Table A.4 Equations for Griineisen numbers shear waves propagating along <1 10> direction and 


polarized along <00 1> direction: 


Type of wave 


Equations for <jI > 

Longitudinal 

4 

1 Cii +C i 2 + 4 C 44 + 4 C ,66 

" 2 V 2 (C„+C, 2 + 2 C 44 ) 

Shear 

4 

_j_ Cji — Cj2 —2044 
“ 2 V 2 (Ch-C, 2 ) 

Shear 

4 

C44 + C456 

2V2C44 

Longitudinal 

2 

2Ci 1 + 4 Cp -f I4C44 + 4 C |44 + 8Ci55 + 8C455 

3 ^J 2 (Cll +2Ci2 +4C44) 

Shear 

2 

2C| 1 ■“ 2Cj 2 “ 4C44 + Cj44 — Cjgg + 2C455) 

“ 3 V 2 (Cu-Ci 2 + C 44 ) 


Shear 

Shear 

shear 

Shear 

Shear 

Shear 

Shear 

Longitudinal 

Longitudinal 

Shear 

Shear 
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Shear 4 ^ 2C44 -C144 +C166 

V2(C[i ~ Cj2 +C44) 

Table A .5 Equations for Griineisen numbers shear waves propagating along < 1 10 > direction and 
polarized along <1 10> direction: 


Type of wave No.of Equations for <y ^ > 
Modes 


Longitudinal 

2 

_^ 3 Cii C12 + Cjji -C[i2 

2 Ch 

Shear 

2 

-Cj2 -2C44 

2C44 

Shear 

2 

4. 2C44 — C|44 + €455 

2C44 

Shear 

2 

Cj 1 - C12 - C,44 + C ,56 

2C44 

Longitudinal 

4 

2Cji + 2C44 +(Cijj + Ci|i 2 )/ 2 -Ci 23 -2 Ci44 + 2Cigg 
2 (Ch+C, 2 + 2 C 44 ) 

Shear 

2 

^2Cii — 2 Ci2 + (C,ii - 3 Cii 2)/2 + Cj 23 

2 (Ci,-Ci2 ) 

Shear 

4 

_j_ C[ 1 - Cj2 - 4C44 + C,44 - Ci6g 

4C44 


Table A.6 Equations for Griineisenumbers along < 1 1 1 > for longitudinal waves: 


Type of wave 

No.of 

Mode 

s 

Equations for <y j > 

Longitudinal 

3 

3 C[i +2 Cj2 +Cjii +2Cji2 

Shear 

6 

6C„ 

Cl 1 + 2Ci2 + 2C44 + 2 C ,65 + Ci44 

Longitudinal 

3 

6C44 

6Cn +8C12 +I2C44 +Cm + 4 Cii 2 + Ci 23 + C144 +12Cig5 

Longitudinal 

3 

6 (Ci,+C, 2 + 2 C 44 ) 

2 C,, + 4 Ci 2 -4C44 + Ci]i + 4 Cii 2 + Ci 23 +2C144 - 4 Ci 6 g 

Shear 

3 

6 (C„+C, 2 + 2 C 44 ) 

2Ci 1 + 4 Ci 2 + 4C44 + Cl 1 1 - Ci 23 

Shear 

3 

6(Cii-Ci2) 

6C1 1 - 4C44 + Cl 1 1 - Ci 23 



6 (C„-C,j) 
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Shear 


C, ] + 2C)2 + 2Ci6g + Ci44 + 2C45g 

6C44 

Shear 3 C, , + 2Ci2 + 2Ci5g + C144 - 2045^ 

6C44 

Longitudinal 1 PCn +18Ci, +36C44 +Cin + 4Cii2 +2Ci23 +I2C144 + I6C456 

6(Cii + 2 Cj2 +4C44) 

Longitudinal 3 1 lC]i + 22C[2 — 4C44 + 3Cju + 12Cj[2 + 6Cj23 + 4Cj44 + SCjgg — 16C45g 

18(Cii + 2Ci2 + 4C44) 

Shear 1 3Cu + 6C|2 +I2C44 + C[jj — C[23 ~3Ci44 + 6Cjgg — 2C455 

6(C„-C,2+C44) 

shear 2 13C[j + 4Cj2 ~8C44 +3Cj[j ~ jC] 23 + 4Cj44 ~2C[gg 

6(Ci, -C]2 +C44) 

Shear 1 25Ci 1 + 2Ci2 + 4C44 + 3Cii , - 3Ci23 - C144 - 1 OCigg + 1 OC456 

18(Ci[ — Cj2 + C44) 

Shear 1 3C|) +6C[2 +I2C44 +C]]i ~C|23 — 3C]44 + 6Cjgg —2045^ 

6(Ci] — Cj2 + C44) 

Shear 2 7Cn +2Ci2 + Cm -C]23 ~C;44 +2Qgg + 2C456 

6 (Ch- 2C,2 + C44) 

Shear 1 3Cn + 6C^2 ~4C44 + Cm — Cj23 'i~dC]44 — 2Cjgg —2045^ 

6 (Ch- 2 Ci 2 + C44) 

Table A.7 Equations for Griineisen numbers shear waves propagating along <1 10> direction £ 
polarized along <1 10> direction: 

Type of wave No.of Equations for <y j > 

Modes 

Longitudinal 2 3Cti -C12 +C111 -C^2 

^Cii 

Shear 2 , Qi ~Ci2 ~2C44 

'\/6C44 

Longitudinal 2 ^ ~ - C12 - 8C44 - Cm - SCjgg - C, ,2 + 2C;23 + 4C)44 

“ 2V6(C„+C,2 + 2C44) 

Shear 2 ^ ~2Cn +C^2 -Cjn -C]i2 +2C;23 +4Q44 

2V6(Cii +C12 +2C44) 

Shear 2 ^ -Cji + 3C[2 -2C44 - Cm +30^2 -2C]23 

“ 2V6(C,i-C,2) 

Shear 2 ^ +5Ct2 +2C44 -Cm +3Cii2 -2Q23 

■ 2V6(C„-Ci2) 
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Longitudinal 

2 

^ C11+C12+3C44 Cj44 +C[gg -€45^ 

2V6C44 

Shear 

2 

^12 + ^^4 " ^144 ^166 - ^456 

2^/6C44 

Shear 

2 

2 C]I +4Ci2 +I4C44 + 40)44 +80)56 +8C45g 

3 V6(0„ +20,2+4044) 

Shear 

2 

^ - 20, , + 20,2 + C44 ” ^ U 4 “ C,66 - 2O456 

3V6(0, , — 0,2 + O44) 

Shear 

2 

+ 2O44 - 0,44 + 0,66 

“3V6(C„-C,; + C„) 

Longitudinal 

2 

^ 0, , - 0,2 - 0,44 + Qes 

V6044 

Longitudinal 

2 

^ 2O44 — 0,44 ^166 

V6O44 
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